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EDITORIAL ANNOUNCEMENT 


THE Editors are happy to announce that Professor R. E. Zirkle of the 
Committee on Biophysics, University of Chicago, has agreed to join 
them as a co-editor. It is expected that Volume 11, which is now in 
active preparation, will appear under their joint Editorship at the end 
of 1960. Professor Katz, who has been an Editor since Vol. 7, has 
expressed his wish to retire when Vol. 11 is completed. Beginning 
with Vol. 12 he will be succeeded by Dr H. E. Huxley of the Bio- 
physics Dept., University College, London. 
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THE “HIGH ENERGY PHOSPHATE BOND” 
CONCEPT* 


Philip George and Robert J. Rutman 


lL. INTRODUCTION 


One of the central problems in biology has been to account for the 
apparent stability of complex molecules and chemical structures even 
though enzymes are present that are potentially capable of catalyzing 
their decomposition. Several decades of research have revealed this 
phenomenon to be kinetic in origin, involving a dynamic state by 
which the free energy available from the oxidation of substrates is 
utilized in the synthesis of special intermediates. These intermediates, 
in turn, furnish the chemical driving force for the accumulation of 
compounds which in themselves entail an unfavorable free energy of 
formation relative to their hydrolysis products. This fundamental 
thermodynamic consideration has often been regarded as a “‘reversal”’ 
of the spontaneous trend towards maximum free energy decrease. 
The organic phosphates, particularly those containing polyphos- 
phate groups, play a ubiquitous réle in this process. Inquiries into 
the special properties such compounds must possess has led to the 
current hypothesis of “energy rich’ phosphate bonds, ~P (Lipmann, 
1941; McElroy and Glass, 1951). According to this theory free energy 
made available in metabolic reactions is stored in the form of ~P 
bonds present in polyphosphate esters, acetyl phosphate, enol 
phosphate, amino phosphate, etc., which can be released again upon 
the cleavage of these bonds. Since the theory relates the free energy 
of the reactions involving the “high energy’’ compounds directly to 
the “excess’”’ energy in ~P bonds, efforts have been made to explain 
the phenomenon in terms of the suppression of resonance, suppression 
of tautomeric equilibrium, and opposed electrostatic effects within 
the molecules (Oesper, 1951; Kalckar, 1951; Hill and Morales, 1951). 
The “energy rich”? bond concept has had a profound influence on 


* The following abbreviations are used in this chapter: AMP, ADP and ATP, 
(adenosine mono-, di-, and triphosphate); Acetyl P (acetyl phosphate); CrP, 
(creatine phosphate); GP or Glye-P, (p-glycerol phosphate); ortho (orthophos- 
phate); Penol Pyr or PEP (phosphoenolpyruvate); PGA (phosphoglycerie acid); 
pyro (pyrophosphate); DNA and RNA (deoxyribonucleic and ribonucleic acids). 
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the whole field of biochemistry, being widely incorporated into modern 
theory and standard texts (Dixon, 1951; Baldwin, 1953; West, 1956). 
For this reason a more rigorous thermodynamic analysis has been 
attempted in order to assess the many factors which make up the free 
energy change, and so arrive at a more precise understanding of the 
concept. But first a brief outline of the biochemical development will 
be presented. 


Il. THe PARTICIPATION OF KEY PHOSPHATE COMPOUNDS 
IN METABOLISM 


The sequence of development leading to present understanding of the 
role of phosphate compounds was initiated by the observations of 


Reactions , 
Rearrangements, 
etc.) 


Coupled Phosphate 
Phosphorylation Transfer 


A+A'= Substrate and Product 
ADP; ATP=Adenose di-, and triphosphate 
Cr,CrP =Creatine and Creatine phosphate 


Fig. 1. Generalized scheme for coupled phosphorylation. 


Ivanov and Harden-Young (Robison, 1932) of a requirement for 
orthophosphate and its utilization during anaerobic carbohydrate 
metabolism. The attendant accumulation of hexose-phosphates 
was shown by the later researches of Parnas (1937), Embden et al. 
(1914-5), Lohmann (1935) and Meyerhof (1927) to be part of an 
integrated sequence of cleavage, rearrangement and oxidative 
reactions involving phosphorylated hexoses and trioses ending 
with the formation of lactic acid or ethanol. The characterization 
of adenosine triphosphate (Lohmann, 1935) and creatine phosphate 
(Fiske et al., 1929) revealed the phenomenon of coupled reactions 
(Fig. 1) as a means of accumulating reserve phosphorylating capacity. 
The extensive research of this period, especially on the metabolism 
of muscle, which showed orthophosphate to be liberated from CrP 
and ATP, provided many details of the reaction sequence involved 
in the generation and utilization of metabolic energy. Analogous 


A ATP_ CrP 
= 
965 / 
Ko 
ADP Cr 
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sequences have now been established for the metabolism of lipids 
and for the utilization of energy derived from terminal oxidations. 
All these sequences have a very important feature in common. 
The energy of metabolic reactions becomes available for work processes 
after a transit through an ATP molecule. Thermodynamic evidence 
for this was first provided by the AH measurements of Meyerhof and 
co-workers (1935, 1928, 1934, 1953) summarized in Table 1. On the 


TABLE | 
Original Values of AH for the Hydrolysis of Phosphate Compounds 
(Meyerhof et al., 1935, 1928, 1934, 1953) 


AH 
(keal/mole) 


Compound 


Creatine phosphate -10-7 
Arginine phosphate 7:7 
Amino phosphate 14-2 
Phosphoenol pyruvate —8-5 
1,3-Diphosphoglycerate 8-3 
Adenosine triphosphate 12-0 
Trimetaphosphate 6-2 


basis of these AH values, the compounds involved in carbohydrate 
metabolism were separated into a stable and a labile group, the latter 
group, which included ATP and CrP, being characterized by a 
distinctly greater heat of hydrolysis. On the assumption that the 
7’ AS terms are relatively small and uniform, Meyerhof concluded that 
the labile P compounds had free energies of hydrolysis of about 
—12 keal/mole at pH 7-0 and were synthesized at the expense of the 
—60 keal/mole difference in free energy between glucose and lactic 
acid. Since this sequence of reactions resulted in the formation of 4 
moles of ATP/mole glucose, the conservation of free energy seemed 
nearly complete. Recent reductions in the free energy of hydrolysis 
of ATP need not necessarily affect this inference, since the in vivo 
efficiency of the process is not known. The trapping of orthophosphate 
in a polyphosphate group is the general energy conservation feature of 
this sequence, as it is of other metabolic processes such as lipid 
oxidation, and the coupled oxidative phosphorylations catalyzed 
by the cytochrome system. Current research has implicated nucleo- 
tides other than ATP in certain reactions, but the polyphosphate 
groups so formed can engage in reactions yielding ATP, which thus 
remains the central component in phosphate transfer. 
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Ill. THe FormMvunation or THE “HicgH EnerGy PHOSPHATE 
Bonpb”’ CONCEPT 


On the basis of such considerations, Lipmann in the classic review 
entitled Metabolic Generation and Utilization of Phosphate Bond Energy 
(1941), provided the first systematic treatment of energy conservation 
in biological systems. The new concept proposed by Lipmann was that 
in specified metabolic reactions, the anticipated free energy difference 
between reactant and product fails to make its appearance; instead, 


“Energy-Rich" — ATP, 
CrP, 

| PEP, etc 


Hydrolysi 
ydrolysis Rearrangements, Transfers, etc, 


-~4- Oxidative Monoester P, 
Phosphorylation | | Hemiacetal P, 
etc 
4 


—2} 


‘feneray -Poor’ 


Orthophosphate 


Fig. 2. Generalized scheme for phosphate transfer. 


the free energy is retained in the phosphate bonds of the product, 
and these bonds could therefore be designated as ‘‘energy-rich”’ 
(~P) phosphate bonds. Reactions I-38 provide an example of this 


process 


+ A AF, 

R’—P + RB’ + P, AF, (3) 
—AF,> —AF,; 


AF, = AF, + AF; 


whereby some or all of the difference in free energy between reactions 
(1) and (2) is retained in the R’—P bond. Using the concept of 
“energy-rich”’ bonds, Lipmann formulated a general scheme like that 
illustrated in Fig. 2. The formulation suggests that the transfer of 
phosphate at the “‘energy-rich”’ level can be made to proceed in either 
direction, while its transfer from higher to lower levels will be accom- 
panied by a sufficiently large decrease in free energy so as to make 
such reactions irreversible in practice. Although this formulation is in 
accord with experiment, the evidence in no way requires that the 
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observed reversibility be related to the energy of the phosphate bonds, 
since the direction of the spontaneous transfer of phosphate depends 
on the standard free energy of the reaction, which may or may not 
reflect the differences in fundamental bond energies. In fact, free 
energy changes reflect all the parameters of a reaction, any one of 
which can be the dominant factor. 


El ts in Standard States 
(Physico-chemical Reference State) 


> GI 


3-PGA =) 
AF® of 
2(Pyruvate) | -d,PGA 
Formation 400 Combustion 


2-PGA 
K Cal. = K Cal ) 
( Ysa) | Penolpyr. -400 ( mole 


~600 Pyruvate { 


Products of Complete Combustion 
(Biochemical Reference State) 


=, 
925} 6(CO,+H,0)— 
-1000 


Fig. 3. Relative levels of the standard free energies of formation 
and of combustion for certain compounds involved in carbohydrate 
metabolism. 


The “high-energy” bond concept does however focus attention on 
the energy of combustion available in metabolites, a matter of primary 
concern to biochemists. For this purpose, the AH® and AF® values 
for combustion furnish valuable data not provided by the related 
quantities for the formation of compounds from the elements in their 
standard states. In a sense this inverts the physico-chemical view- 
point, by placing the base-line at the condition of complete combustion 
to CO, and H,O. This is illustrated by Fig. 3 where it can be seen, 
in the inset, that the presence of a ~P bond, as in phosphoenol 
pyruvate, displaces the compound upward, while the transfer of the 
~P, returns the compound towards the base-line. Such ~P com- 
pounds do have “higher energies,’ when related to the combustion 
base line, but lower standard heats of formation. 

Although these basic formulations were worked out in terms of 
carbohydrate metabolism, a system for which extensive thermo- 
dynamic data are available, the central role of the polyphosphate 
group, and of ATP, has been extended to many other metabolic 
reactions (McElroy, 1951). Moreover, it has been shown that ATP also 
participates in transfer reactions involving the adenylate and the pyro- 
phosphate moieties (Hoagland, 1955; Kornberg, 1955 )and similar but, 


-925 
-800 
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as yet, more limited roles have been demonstrated for other nucleotide 
triphosphates (e.g., guanosine, cytidine and uridine, Sanadi et al., 
1956; Kennedy and Weiss, 1956; Caputto et al., 1950). The poly- 
phosphate group is also present in numerous coenzymes (e.g. di- and 
triphosphopyridine nucleotides; thiamine pyrophosphate; flavin- 
adenine dinucleotide). Its importance in nucleic acid synthesis 
(Grunberg-Manago et al., 1955; Kornberg et al., 1956) and protein- 
synthesis (Hoagland, 1955) has recently been demonstrated. 

These and other recent developments have stimulated a revaluation 
of thermodynamic quantities related to ATP. It will be remembered 
that the earliest estimates of the AF for the reaction 


ATP + H,0O ADP + ortho 


were based on thermal measurements with assumptions as to the 
TAS contribution. Subsequently, several attempts were made to 
evaluate AF from reaction sequences and energy summations, of 
which the following is an example. 


2-phosphoglyceric acid +- H,O —» glyceric acid 
phosphoric acid 


glyceric acid —» H,O + pyruvie acid 


2-phosphoglyceric acid —> pyruvic acid 
phosphoric acid 


For reaction (5), the measured AF for the hydrolysis of glycerol 
phosphate was employed, while AF for (6) was calculated from bond 
combustion values according to Kharasch and the standard entropies 
of the constituent atoms (Lipmann, 1941). No corrections for AF of 
solution or ionization were employed. This calculation gave a AF of 
approximately -—11 keal/mole, which was taken to be equivalent to 
the ~P energy, in agreement with expectation. Similar indirect caleu- 
lations by Meyerhof (1944), Oesper(1951)and Burton (1953) have placed 
the ~P free energy between —9 and —12 kcal/mole. Recently, 
however, direct measurements have reduced the ~P value to —7 
keal/mole (Levintow and Meister, 1954; Robbins and Boyer, 1957). 
Furthermore, careful redeterminations have given a AH value of about 
—5 keal/mole for the hydrolysis of ATP at pH 7-0 (Podolsky and 
Morales, 1956), close to the figure of —6 to —7 for inorganic pyro- 
phosphate hydrolysis (Ging and Sturtevant, 1954) and —6 for 
trimetaphosphate hydrolysis (Meyerhof ef a/., 1953). 

The devaluation of ~P free energy necessarily raises doubts as to 
the distinction between “energy-rich’” and ‘‘energy-poor’ bonds. 
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Similar doubts have also resulted from investigations of the synthesis 
of ribo-polynucleotides. The work of Ochoa has shown that the reaction 


Nucleotide diphosphate + Nucleotide, — 
Nucleotide,,, + Orthophosphate —....(8) 


has an equilibrium constant close to 1 and therefore a very small 
standard free energy change. In this case, a ~P bond in the nucleo- 
tide diphosphate is broken and a ribose-3’, 5’-diester phosphate is 
formed. Since the newly formed ester-P bond, ordinarily classified 
as “‘energy-poor’, replaces an “‘energy-rich’’ bond, a free energy 
change of —3 to —5 kcal/mole would be expected, corresponding 
to a value of 102-104 for the equilibrium constant, 


(nucleotide, ,,] [orthophosphate] (9) 
*d [{nucleotide,] [nucleotidediphosphate] 
Converging lines of evidence thus suggest that the “bond energy” 
formulation has serious limitations, and point to a need for a more 
detailed evaluation of the other factors that contribute to the free 
energy change. In these complicated biochemical reactions, occurring 
as they do in aqueous solution, effects due to solvation, ionization 
and complex formation will certainly be present. In addition, as will 
be shown in the following sections, bond energy contributions, as 
reflected in AH, are only one of several factors. In particular, 
depending on the individual reaction, and upon the standard state 
chosen, 7'AS and the contribution to the free energy change resulting 
from the low H* concentration are of comparable or even greater 
significance. However, since so much emphasis has been placed on 
bond energies, AH, the thermodynamic quantity most closely 
related to these energies, will be discussed first. 


IV. anp Low Enercy Bonps 


It has already been suggested that the biochemical usage of the terms 
“high” and “low” energy bonds is different from that generally 
employed in other branches of chemistry (Klotz, 1957; Bray and 
White, 1957; Gillespie et al., 1953) where a bond energy is defined, 
either in terms of a simple bond dissociation process, or with reference 
to the heat of formation of a compound from its gaseous elements 
But the relation, if any, of a “high energy bond” to these physico- 
chemical bond energies has not been explored. 

The enthalpy and free energy change for a reaction are related by 
the usual thermodynamic equation, 


AF = AH — TAS 
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but bond energies, in their strict physicochemical meaning, are 
quantities that only participate in determining the magnitude of 
AH. As it happens the distinction between the two kinds of bond 
energy used in physical chemistry has an important bearing on the 
interpretation of data, and this will be dealt with first, taking the 
H—O bonds in water as an example. 


1. Physicochemical Bond Energies (Cottrell, 1954) 


The bond dissociation energy, Dy oy, is that needed to bring about 
the following reaction in the gas phase 


H,O, > Hg + OH, Dy_on = 116 kcal/mole at 0°K 


Likewise the bond dissociation energy Do refers to the corre- 
sponding reaction for the OH radical 


OH, Og + Hg, Do_y = 103 keal/mole at 0°K 
(12) 


Each bond dissociation energy is thus characteristic of a unique 
chemical reaction. However, in the case of many polyatomic mole- 
cules, which take part in quite ordinary and familiar reactions, data 
of this kind are not available, and the experimental problems that 
would be encountered in their determination would be formidable, 
if not insuperable. Moreover, bond dissociation energies, while of the 
greatest fundamental and theoretical significance, have a limited use, 
because, by their very definition, they cannot be carried over to other 
reactions involving the same bonds. For these reasons, the thermo- 
chemical bond energies, £, calculated from the heat of formation of a 
compound from its gaseous elements, are of greater practical signi- 
ficance. 

Referring again to the previous example, the thermochemical 
O—H bond energy is obtained from the heat of formation of water 
according to the reaction— 


2H, +O, H,0,, Eo_y = 110-6 kcal/mole at 25°C 


Allowing for the difference in temperature (values of D being custom- 
arily evaluated for 0°K, and those of # for 25°C), Lo_y is simply the 
mean of the two bond dissociation energies, Dy oq and Do_y. 
Likewise for other molecules in which the bonds are all of the same 
kind, e.g. CH,, CCl,, CO,, NHs, etc., the value of # is unequivocally 
the mean of the respective values of D, and hence they are frequently 


referred to as ‘“‘mean bond energies.”” But if two or more different 
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bonds are present, which is more often the case, the heat of formation 
has to be allocated to the various bonds. ‘There is no unequivocal 
solution to this problem, which is fully discussed in 'T. L. Cottrell’s 
comprehensive monograph (1954). However, from compilations of 
data, it has proved possible to evaluate energies for certain bonds 
which are self-consistent for many molecules, and any deviation is 
an indication of specific structural effects. As shown in Table 2, 


TABLE 2 
Typical Thermochemical Bond Energies at 25°C 
(Cottrell, 1954; Dainton, 1947; Charnley and Skinner, 1953) 


_ (keal/mole) E (keal/mole) 


C—H, in CH, 91-1 P—O, in P,O, and P,Oj, + 
C—H, in general 90-5 P—O, in P,O, (different 99 
data) 

C—O, in CH,OH 71-8 apices in 156 + 6 
C—O, in C,H,OH 75-4 P—O, in POCI, 122 
C—O, in general 77°1 P=O, in POBr, 119 
C=O, in H,CO 149 O—O, in HO—OH 35 
C=O, in CH,CHO 159 O—O, in EtO—OEt 7 
C=O, in ketones 162 N—N, in NH,—NH, | 21 


Eo_y for paraffins is a little less than the value for methane, 2. 5 
for alcohols is greater than the individual values for methanol and 
ethanol, the major discrepancy occurring with the first member of 
each series. EH, ~ is more nearly constant, with deviations of only 
0-3 keal/mole. Ho_y varies between 48-4 and 59-5 keal/mole in a 
rather haphazard manner for fourteen aliphatic amines. Ho» has 
the values 35 and 47 kcal/mole respectively in hydrogen peroxide and 
diethyl peroxide. The range of values is somewhat greater for double 
bonds. The general value for H.—. is 112-9 keal/mole but values 
for five olefins of rather varied structure range from 110-0 to 115-6 
keal/mole. Heo—o in formaldehyde, acetaldelyde, and ketones in 
general, is 149, 159 and 162 kcal/mole respectively. Hp. is about 
150 keal/mole in the oxide, P,O,9, and also in the oxyacids as will be 
shown later, whereas it has values of 122 and 119 keal/mole in 
phosphorus oxychloride and bromide. 

Now it follows from the unique character of a bond dissociation 
reaction, that any special bonding in certain polyphosphate and 
phosphate esters would be unambiguously revealed in the values of the 
dissociation energies for those bonds broken in the hydrolytic reaction. 
Yet the very nature of these complicated organic molecules excludes 
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experimental determinations. Moreover considerable theoretical 
insight is required in drawing conclusions from dissociation energies, 
since there is no “general” value to serve as a reference. For instance, 
as shown in Table 3, marked variations occur for the dissociation of 
“ordinary” bonds like C—H and C—C, as well as for O—O bonds, in 
sharp contrast to the values of F quoted above. On the other hand, 
the heats of formation of ATP and related compounds in the gas 


TABLE 3 
Typical Bond Dissociation Energies at 0°K 
(Cottrell, 1954) 


D D D (kcal/mole) 


CH,—H 101 CH,—CH, 83 |HO—OH 48 
6 | CH 78 | C,H,O—OC,H, 32 
t-C,.H,—H 89 | C,H;-CH,—CH, 63 | nC,;H,O—OC,H,n 35 
C,H,°CH,—H 17-5 | CH,-CO-O—O-CO-CH, 30 


phase, based on values for the heat of formation from the elements 
in their standard thermodynamic states and the heats of fusion and 
evaporation, would show up any special features in the bonding 
through anomalies in the increment for the addition of phosphate 
units to the parent compound. For example, differences would be 
looked for in the sequence, 


Adenosine — AMP — ADP — ATP. 


Further analysis of the increments into contributions from the various 
bonds would, however, be subject to the same element of uncertainty 
noted already in the case of H._,, and H,_,: although a knowledge 
of the values of # for the phosphoric acids themselves would provide 
a basis for characterizing ‘normal’ bonds. Very few data are available 
at present, nevertheless some quite pertinent conclusions can be 
arrived at in the following manner. 


2. Ep_o and 

Values have been derived in the literature only for the oxides P,O, 
and P,O,, (see Table 2), and these are subject to an uncertainty of 
several kilocalories per mole (Dainton, 1947; Charnley and Skinner, 
1953). There is good reason for the absence of values for ortho-, 
pyro- and meta-phosphoric acids, since the heats of fusion and, 
particularly, evaporation are required in the calculation from heats of 
formation. The heat of evaporation cannot be obtained for either 
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ortho- or pyro-phosphoric acid, because on heating decomposition 
into metaphosphorie acid occurs: furthermore, mefaphosphoric acid 
only volatilizes at red heat and no determination has been made. 
Yet while values for Hp_, and Lp—, cannot be obtained entirely from 
experimental data for these compounds, fairly reliable estimates can 
nevertheless be made because the heat of evaporation terms do not 
greatly affect their magnitude. An approximate value for the heat of 


TABLE 4 
P—O and P=O Thermochemical Bond Energies at 25°C, calculated 
from Heat of Formation Data (Rossini, et al. 1952) and Cerlain Estimated 
and Assumed Values for Heats of Fusion and Evaporation, A, and /,. 


(A, + A,) keal/mole | Bond Energies, kcal/mole 


P—O(H) P—O(P) 


meta and ortho pyro | meta and ortho 


Meta Ortho | Pyro 


20 20 20 89 90 157 
30 30 30 87 94 152 
30 10 10 95 91 | 149 


evaporation of metaphosphoric acid can be obtained using Trouton’s 
rule, 2,/7' ~ 30: with 7 of the order 700°C. Heats of fusion A, are 
appreciably smaller quantities, and can be neglected in the present 
calculations, in view of the uncertainty in the evaporation term. 
Setting (A, + A,) at 30, with 20 keal/mole as an alternative, and with 
assumed values of 10, 20 and 30 keal/mole for the ortho- and pyro- 
phosphoric acids, calculations of and have been made 
from the well established heat of formation data (Rossini et al., 1952). 
Eo_y was taken equal to 110-6 kcal/mole as in water, Ep_9 and Ep—o 
were obtained from the data for meta- and ortho-phosphorie acid, and 
then these values were used to calculate the energy of the central P—O 
bonds in pyrophosphoric acid. The results are listed in Table 4, 
where it can be seen that in spite of the different values chosen for 
(A, + A,), Ep_o for the P—OH bond and the P—OP bond are equal 
at about 90 kcal/mole. This suggests that in these compounds Fp_o is 
substantially independent of structure. Hp 9 is much greater, 
about 150 keal/mole. The remarkable extent to which these values, 
especially the latter, agree with those based on the oxide data (see 
Table 2) leaves little doubt that in these compounds a P—O bond is 
about as strong as the H—C bond in paraffins, while a PO bond, 
in any environment of P—O bonds, is about as strong as the C—O 
bond in aldehydes and ketones. 
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In the absence of heat of formation data, it is only possible to 
speculate a little on the likely magnitudes of the energies of the 
P—OP and P—OH bonds in ATP and ADP. If the # value for the 
P—OP bond in pyrophosphorie acid, obtained in the above calcula- 
tions, had been appreciably less than that for the P—OH bond in the 
acids, which, as will be shown later, would favor the hydrolysis 
reaction, then there might be some justification for expecting even 
lower, and hence more favorable values for the corresponding bonds 
in ATP and ADP. But finding these bond energies very nearly equal, 
together with the fact that the adenosine moiety is at least two single 
bonds distant from the critical P—OP bond in ADP and ATP, 
suggests strongly that this bond energy would differ at most by only a 
few kilocalories per mole. For similar reasons the P—OH bond energies 
in ATP and ADP are unlikely to be very different. Although other 
considerations enter, the close similarity between the pA values for 
corresponding ionizations of the phosphate groups, which will be 
commented on in more detail later, is a further indication that 
structural differences alter the energy terms only slightly. 

However, since AH values for phosphate hydrolysis are not very 
large, i.e. <—10 kcal/mole, small differences in bond energies of this 
magnitude would nevertheless be quite significant from one reaction 
to another, easily resulting in a drastic change in AH of at least 100 
per cent from, say, —3 to —6 keal/mole. This may be contrasted 
with, for example, the hydrolysis of B-trichloroborazole, for which 
AH has the extremely favorable value of —114 keal/mole (Van 
Artsdalen and Dworkin, 1952). An alteration of 3 keal/mole in the 
B—Cl or B—N bond energies would only lead to a change of about 
10 per cent and 20 per cent respectively in A//: in whatever direction, 
the reaction would still be highly favored. 

But it is equally important not to overlook the theoretical impli- 
cation if Hp_¢ is about 90 kcal/mole in all these phosphate compounds. 
This would place the P—O bond alongside ordinary strong covalent 
bonds, e.g. C—H, S—H and Br—H, with values of 90, 88, and 87 
keal/mole respectively; and it would be appreciably stronger than 
other familiar covalent bonds, e.g., C—C, C—Br, C—S and N—O, 
which have the values 66, 60, 59, and 44 keal/mole respectively. The 
values for single covalent bonds in general range from low values such 
as 21 and 35 keal/mole for Ey_, and Ly, to the high values of 135 
and 139 kcal/mole for Hy» and Ly_y. The extremely low values for 
the former are responsible for the very favorable AH for the reactions 
of hydrazine and hydrogen peroxide in which the N—N and O—O 
bonds are broken. There is every indication that none of the bonds 
involved in phosphate hydrolysis fall into this category. 
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Bond energies, however, are not the only factors which determine 
AH for a reaction in solution, and the following consideration of the 
entire cycle for phosphate hydrolysis shows that other terms play an 


equally significant rdle. 


3. The Thermochemical Cycle for Phosphate Hydrolysis 

Previous authors have pointed out that if the energies of the bonds 
involved in certain hydrolyses are completely independent of their 
structural environment, which would be the case if each were equal 
to the general value for that type of bond, then the energy of the 
bonds broken would be equal to the energy of the bonds formed, and 
bond energies thus contribute nothing to AH (Oesper, 1950; Morales, 
1956). This can be seen from the schematic reaction: 


AO—B + H—OH — AO—H + B—OH ee 


where an O—B and an H—O bond are broken, and an O—H and a 
B—O bond formed. This, of course, is only true for those compounds 
in which the bond to be broken involves an oxygen atom; in other 
cases, for example in the reaction, 


A—B + H—OH + A—H + B—OH ..fiB) 


an A—B and an H—O bond are broken, whereas an A—H and a 
B—O bond are formed. All phosphate ester and anhydride hydrolyses, 
however, come into the first class, and this characteristic feature, 
namely the cancellation of bond energies, directed attention to possible 
variations which might account for the observed AH having values 
other than zero (Morales, 1956). 

Thermochemical bond energies, just like bond dissociation energies, 
refer to gas phase reactions, hence, in order to relate AH to bond 
energies, a cycle comprising the reaction occurring in the gas phase 
must be set up. For the hydrolysis of undissociated ATP, yielding 
both undissociated ADP and orthophosphate, this takes the form, 

ATP. + H,O, >ADP,, + H;PO,,,; AH 


aq 


(S+4)arp 
(S+Aapp \(S+A)n,Po, 


H,O, 


| Eapr’ —on + 

ADP; + ortho, + Hg + OH, ADP, 
....(16) 
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where S denotes heat of solution (not entropy in this context), and 
A, latent heat terms for the transfer of reactants and products from 
their standard liquid or solid states at 25°C to the gas phase, i.e., 
A, and (A, + A,) respectively. Depending on which P—O bond in 
ATP is broken, whether (a) or (b) 


QO O O 
o—|P—on 


| | | 
OH OH OH 


a b 


the radical ADP’ will combine with OH’ or H’ respectively to form 
ADP, and the phosphate radical, ortho’, with H’ or OH’ respectively 
to form H,PO,. AH for the overall hydrolysis, as would be obtained 
experimentally, is equal to the sum of the heat quantities appropriate 
to the steps along the alternative (hypothetical) paths via the entities 
in the gas phase. Hence for case (a) and (b) respectively, AH is given 
by the expressions, 


AH = [(S A) arp (S + A)avp] OP ~~ Ey 


+ [An,o — (S + + — -+++(17) 
AH =[(S + A)arp — (S + A)avp] + — 


This cycle for the undissociated species is the simplest, but ionization 
of ATP, ADP and orthophosphorice acid only introduces heat of 
ionization terms, all the others in equation (17) and (18) remaining 
unaltered. The various terms have been grouped together within 
square brackets, and it can be seen that the first and second groups 
are those responsible for AH having different values from one reaction 
to another, whereas the third and fourth groups are common to all 
phosphate hydrolyses, provided that bond fission occurs at the same 
place. Further discussion of the alternative paths, which are primarily 
of kinetic significance, lies outside the scope of the present article, 
but it may be noted, that for a given reaction, they are interrelated 
through equation (19), 


since AH must be independent of path. 
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4. The Role of E, (S + 4) and Heat of Ionization Terms in 
Determining AH 


The magnitude of AH over the entire pH range is thus determined by 
three factors, the differences between bond energies, heats of solution, 
fusion and evaporation, according to equation 17 or 18, and, in addi- 
tion, by the differences between heats of ionization of products and 
reactants appropriate to the pH at which the hydrolysis reaction is 


TABLE 5 
Typical Heats of Fusion, 4,, and Evaporation, 4, (Rossini et al., 1952) 


4, (kcal/mole) i, (keal/mole) 


Methyl alcohol 0-8* 

Acetaldehyde 0-8* 

Ethyl aleohol 1:2* 

Acetic acid 

Urea 3-6 

Acetamide 3:8 

Glycol dinitrate 4:5 

Oxalic acid 21-7 (sublimes) 


* Indicates compound already in the liquid state at the standard temperature 


of 25°C: only A, would therefore enter in thermochemical cycles at 25°C. 


earried out. There is a good indication that the values for the P—O 
bonds are invariably about 90 keal/mole, and in all probability 
cancellation among the four bond energy terms occurs to within a 
few kilocalories per mole. On the other hand in the hydrolysis of a 
compound where some bond other than P—O is broken, for instance 
P—N in creatine phosphate, it is unlikely that cancellation will occur 
to the same extent. 

Heats of fusion and evaporation are much smaller quantities, as 
illustrated by the typical values for simple organic compounds given 
in Table 5. For those which are solid at the standard temperature of 
25°C, A, » 4 kcal/mole; for those which are liquid, A, ~ 9 keal/mole. 
Few heats of evaporation have been measured for the compounds in 
the former class, but it is reasonable to suppose, on the basis of 
Trouton’s rule, that 2, > 9 kcal/mole. Hence, the sum 4 = A, + 4, 
will be of the order 10-20 kcal/mole: this is borne out by the heat of 
sublimation of oxalic acid, i.e. 21-7 kcal/mole. The values for the 
phosphate compounds and their reaction products will certainly be 
similar, if not a little higher. 

Heats of solution are again small quantities, S having values of a few 
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kilocalories per mole, endothermic or exothermic. In the case of 
ortho- and pyrophosphoric acids the heats of solution are exothermic 
to the extent of 2-0 and 7-9 kcal/mole respectively (Rossini et al., 1952). 
Hence in a hydrolysis that yields pyrophosphate rather than ortho- 
phosphate, which can occur with ATP for example, AH for the reac- 
tion yielding pyrophosphate will be favored to the extent of 5-9 
keal/mole relative to the reaction yielding orthophosphate on this 
account alone. The difference between the (A +S) terms in the 
equation for AH is thus also capable of contributing a few kilocalories 
per mole. 

Heats of ionization are also small quantities (see Table 9). For the 
primary ionization of the phosphate groups the value is about —3 
kcal/mole, for the secondary ionization about —1 to +1 keal/mole, 
and for the carboxylic acid group, which enters into the acetyl 
phosphate reaction, the value is about zero. Even though the differ- 
ence between heats of ionization is involved in the equation for 
AH, it is nevertheless possible for this to amount to at least | 
keal/mole. 

In a reaction for which AZ is large, i.e. 50-100 kcal/mole, contri- 
butions from (A ++ S) and heat of ionization terms would be relatively 
insignificant: but in the case of phosphate hydrolyses, for which 
AH lies in the range from zero to about —10 keal/mole, this is no 
longer true. It is quite conceivable, for instance, that for two reac- 
tions, the (A +S) terms would decide whether AH is —2, or —6 
keal/mole. In practice, these differences might have resulted in the 
second compound, for which the value was —6 kcal/mole, being 
characterized as “‘energy rich’, and the other compound as “‘energy 
poor’. Yet the bond energy terms for both compounds could have 
been identical. On the other hand it is equally feasible, though very 
improbable, that in the second reaction an especially favorable value 
for the energy (#) of the P—OP bond which is broken could have 
made AH more favorable, even though all the other terms were less 
favorable. 

In the absence of sufficient quantitative data on the actual bond 
energies, (S + A) terms, and heats of ionization, it is impossible at 
present to single out any one of these as more significant than another. 
Furthermore it must be noted that none of these terms except the 
first directly involve the energy of bonds broken in the hydrolysis 
reaction. The (S + 4) term is an expression of intermolecular and not 
intramolecular forces. The magnitude of S depends on the difference 
between intermolecular forces in the solid or liquid state of a com- 
pound and those between molecules of the compound and the solvent: 
A, and 4, are governed by the intermolecular forces in the solid, liquid 
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and gaseous states. The entire structure of the molecule is concerned, 
not one particular bond. Heats of ionization are themselves composite 
quantities, like AH for hydrolysis. A thermochemical cycle can be set 
up for the ionization reaction 


HA,, Hy, + Ax 


to show that (S +-A),, and the bond energy Fy, are involved 
together with several terms that did not appear before, namely the 
ionization potential of the H atom, the electron affinity of the radical 
A’, and the heat of solvation of the gaseous ions, H+ and A~. These 
new terms are all large quantities, comparable to bond energies. 
The magnitude of AH for the hydrolysis reaction thus depends in an 
extremely complex manner on both specific structural elements and 
the whole molecular structure of both reactant and product. 


5. Energy-rich Molecules and Weak Bonds 
An important feature of the way thermochemical bond energies enter 
into the equation for AH has been passed over without comment in the 
above discussion, namely that the weaker the P—OP (or PO—P) bond 
in the reactant phosphate, or the stronger the P—OH (or PO—H) 
bond in the product phosphate, the more favorable, i.e. the more 
negative, is AH. This has an important bearing, in two respects, on 
the biochemical concept of a reactant with “high energy bonds’, 
in so far as the contribution of AH to the overall free energy of hydroly- 
sis is concerned. 

First, even if the (S + 2) and heat of ionization terms were all known 
precisely, and the favorable AH were found to result primarily from 
the difference between bond energies, without further independent 
information as to their individual values, it would still not be possible 
to attribute the favorable AH to unique bonding in the reactant. The 
bonding in the product could just as well be responsible. Secondly, 
if in the last analysis it were found that the P—OP (or PO—P) bond 
energy in the reactant was predominantly responsible there would 
appear to be an inherent contradiction in terminology, since the “high 
energy bond” would then correspond in physiochemical usage to a 
bond with a lower FE value than normal. However, circumstances can 
be envisaged in which this could occur. 

The prior retention, i.e. ‘storage’, of energy as such in the reactant 
phosphate could result in a weaker bond with a lower #2. Implicit 
in the concept of ‘‘storage” is the idea that molecules of this kind 
would have excess energy in relation to some more normal type, and 
furthermore, for them to play their biochemical réle, they would have 
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had to carry this energy intact from the reaction in which they were 
synthesized. 

There are three kinds of energy to consider: translational, vibra- 
tional and electronic excitation energy. Interconversion of trans- 
lational and vibrational energy occurs on collision. Excess vibrational 
energy automatically entails a smaller bond dissociation energy, since 
the dissociation process can be regarded as the accumulation of 
vibrational energy to the point at which the two parts of the molecule 
move away from each other, never to return. A molecule in an excited 
electronic state may also have a smaller bond dissociation energy than 
the normal unexcited species. Any one of the three kinds of excitation 
energy could thus result in the molecule having a smaller bond dissoci- 
ation energy; this in turn would mean a lower value for #, and hence 
the “‘energy rich” molecule would have the weaker bond required. 

But there is little likelihood of this happening. Excess translational 
and vibrational energy are readily dissipated by collision, and could 
scarcely be retained in a compound easily isolated, and then equally 
active when redissolved. Excitation energy of this kind is in essence 
thermal energy, and is in no way distinguishable from the translational 
and vibrational energy that all molecules possess at finite tempera- 
tures in the form of a flux from one molecule to another, of not only the 
reactant, but also the product and the solvent. Chance accumulation 
in the reactant molecules furnishes the energy of activation required 
to bring about chemical change. Hence, although in principle the 
storage of energy could lead to a weaker bond, this is extremely 
improbable, and, if any such bond is present, it is far more likely to 
originate from a special structural environment in an otherwise normal 
unexcited molecule. 

The storage of energy as such in a reactant is not however a pre- 
requisite for the kind of reactivity shown by the “high energy” 
phosphate compounds. The biochemical usage which has focused 
attention on the favorable free energy of hydrolysis, to which AH 
contributes, can be elaborated in the following way. The very fact 
that hydrolysis is accompanied by a loss of free energy indicates that 
in the sequence of reactions in which the compound is synthesized, 
an increment of free energy, equal in amount to the free energy of 
formation from its hydrolysis products, is retained. In subsequent 
reactions, as the hydrolysis products form, this free energy increment 
becomes available once again. The larger the increment retained during 
synthesis, the more is subsequently available. Energy storage in 
this sense is not however a special feature of these biochemical com- 
pounds, since step-wise synthesis in general is dependent on a series 
of intermediates that fulfill this free energy requirement. Probably 
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because so many types of intermediates with very different molecular 
structures are involved, a similar usage has not been adopted in other 
branches of chemistry. 

Although the term “high energy phosphate compound” has this 
simple and precise connotation, intricate problems arise when, as 
shown in the previous discussion of AH, a correlation is attempted 
with specific structural elements or chemical bonds. It now remains 
to investigate the other factors which, along with AH, go to make up 
the free energy change. 


V. THERMODYNAMIC ANALYSIS OF PyroPHOSPHATE HYDROLYSIS 


Of all the phosphate compounds there are by far the most data for 
pyro- and ortho-phosphorie acids, hence pyrophosphate hydrolysis 
provides the best example to illustrate the various features (Rossini, 
et al. 1952). In general it can be represented as 


Pyro H,O — 2 ortho 


and the equilibrium constant for orthophosphate formation, K,,, is 


given by the equation, 

[ortho]? 
[pyro] 
For the present let it be assumed that only very dilute aqueous 
solutions are being dealt with, so that activities are equal to con- 
centrations, and K,,,, is a thermodynamic equilibrium constant from 
which a standard free energy change can be evaluated, i.e., AF, = 
—RT In Ky. The term [H,O] is omitted from the denominator 
in equation (21) because in the limit for an aqueous solution the 
activity of water is unity, the value for a pure solvent. 

But in one important respect the generalized reaction (20) is 
incomplete. Over the whole pH range 0-14, the ortho- and pyro- 
phosphoric acids will be ionized to an extent determined by the 
magnitude of the various ionization constants and by the actual pH 
of the solution. This results in participation by the hydrogen ion as 
reactant or product. However, because the pK values of pyro- and 
ortho-phosphoric acids overlap throughout most of the pH range, 
the stoichiometry only approaches or reaches zero, or integral values 
of H+, in very limited regions. In certain of these regions the pK 
values are such that the hydrolysis can be approximately represented 
by the simple reactions involving single species of reactant and pro- 
duct, which are listed in Table 6. In certain other regions the H+ 
stoichiometry is again zero or 1, but this arises through a fortuitous 
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cancellation from several ionic species (e.g. as can be seen later at 
pH 7 and 12 respectively in Fig. 4.). At all other pH values the Ht 
stoichiometry is no longer zero, | or 2, since either or both pyro- and 
ortho-phosphate are present as mixtures of unionized and/or ionized 


species. 


TABLE 6 
H* Participation in Pyrophosphate Hydrolysis* 
yrophosy 


pH region Reaction H* produced, i.e. ¢ 


0 (a) H,P,O, + H,O = 2H,PO, 
| (b) H,P,0!- + H,O + H+ = 2H,PO, 
4+ 5-5 | H, P, 0 2H,PO}- 0 
| (d) HP + H, 0 = SHPO} + Ht 
105+ | (e) P + H, 0 0 
>13 P + H,O = 2PO3- + 2H+ +2 


* The various pK values are given in Section V2 
t In these pH regions, due to overlapping ionizations, the reactions indicated 
are predominant, not exclusive. 


To take account of H+ participation, the generalized reaction can 
be rewritten in the form 

Pyro + H,O = 2 ortho + ¢H* oie 
where a negative value of ¢ indicates that the hydrogen ion is required 
as a reactant to balance the equation. The values of ¢, which as 
shown in Table 6 range from about —1 to +2, can be calculated in 
the following manner. 


1. Theoretical Equations 
From a consideration of successive ionizations, it can be shown that 
the number of moles of H* liberated per mole of, say, a tribasic acid, 
when it is introduced into a solution of fixed hydrogen ion concen- 
tration is given by: 
K,H? + 2K,K,H + 3K,K,K, 
H’ + K,H? + K,K,H + K,K,K, 
where K,, K, and K, are the three ionization constants. Hence ¢ in 
equation (22) is given by 
$=2 of K,H? + 2K,K,H + 3K,K,K, 
H‘ + K,H3 + K,K,H? + K,K,K,H + K,K,K,K, 
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As an illustration, in strongly alkaline solution, where (K3),,,. > H 
and (K4) yr > H, only the last terms in the numerator and denomi- 
nator are important, and the equation simplifies to 


$=2x3—4= 42 «(25) 


The entire variation of ¢ from pH 0-14 for pyrophosphate hydrolysis 
is given in Fig. 4. It may be recalled in passing that an equation with 
four constants, very similar to the pyrophosphate term in equation 
(24), is used to describe the combination of hemoglobin with O,, CO, 
ete. (Adair, 1925). 

The next problem is to determine how the participation of hydrogen 
ion contributes to the magnitude of X,,, which is evaluated from 
total equilibrium concentrations of ortho- and pyro-phosphate, with 
no distinction being made for the presence of the various ionized 
species. An equation for another equilibrium constant, AK’, can be 
written for reaction (22), the revised form of the generalized reaction. 
This new constant is given by 


.,  [ortho]*{H]* 
K’ = 


[pyro] (28) 


and from a comparison of equation (21) and (26), it can be seen that 
K’ and K,,, are inter-related: 


K’ = Ky, x 


K’ has no direct practical significance like A,,,, but it has a greater 
fundamental significance because it expresses the magnitude K,,, 
would have for the hydrolysis involving ionized species at H = 1. 

Ks is also related to another fundamental equilibrium constant, 
namely Ky, for the hydrolysis in acidic solution where reactant and 
product are unionized. K, can be regarded as the most fundamental 
constant because it refers to the simplest possible cycle for hydrolysis, 
as shown previously in connection with AH. Ky, is given by the 
equation, 


__ [ortho®]? 


0 
where the superscripts ‘“‘zero’’ indicate undissociated ortho- and 
pyrophosphoric acid respectively. At a pH where ionization has 
occurred, the fraction of the total orthophosphate that is present as 
orthophosphoric acid is given by 


Ortho® 


Ortho ~ (HP + KKH + 
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and for the pyrophosphate by 


Pyro® Ni Ht 
Pyro (H4 + K, KH? K,K,K3H )oyro 


....(30) 
Equation (28) for K, can, therefore, be rewritten in the form, 
H3 2 
ort} 

(H* + K,H® + K,K,H? + K,K,K,H + 
...-(31) 


Inspection shows that the relation between Ky and K,,, is thus 


0 = “obs “ 


(H® + K,H? + K,A,H + 


..(32) 


The complicated function of hydrogen ion concentration may be 
represented as f(H), to give, as the final equation, 


Ky K ops x f(A) ees . (33) 


These relationships between K,,, A’ and K, have their counterparts 
in expressions for free energy changes, 


ie. AF’ = AF, — In H 
and AF® = — RT Inf(#) 


Provided that the data are for extremely dilute aqueous solution, 
AF’ and AF°® are both standard free energy changes at unit hydrogen 
ion activity. The distinction between them is that AF’ refers to 
mixtures of ionic species, appropriate to the pH at which K,,, was 
determined, while AF® refers to unionized species. AF’, is also a 
standard free energy change, in the sense that it refers to the con- 
version of 1 g-mole/l. of pyrophosphate into orthophosphate, but 
there is the important difference that the hydrogen ion activity is 
simply that at which K,,, was measured. In the limit, A,,, measured 
at H = 1 would be identical to Ky, and hence (AF,.)7-1 = AF®. 

These free energy relationships have three useful applications: 

(i) Equation (35) enables the variation of AF, with pH to be 
determined, provided values of the ionization constants are known. 

(ii) Equation (34) enables AF,,, to be analyzed in terms of AH 
and AS. This can only be done via AF’ since the standard state, with 
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respect to which all thermodynamic data for ionic species is evaluated, 
is = 1, 

(iii) AF’ and AF® provide a basis for evaluating the contribution 
to the overall hydrolysis that arises from reactant and product being 
in ionized rather than unionized states. 

After assembling the numerical data these applications will be 
dealt with in turn. 


2. Quantitative Applications 
Even though there are extensive thermodynamic data, certain values, 
essential for a systematic treatment of the hydrolysis reaction, have 
not yet been determined and estimates have therefore been made. 
As experimental values become available more precise calculations 
will be possible, but it is unlikely that either the main trends in the 
quantitative results or the qualitative conclusions will be affected. 

Ionization constants. The most recently revised thermodynamic 
ionization constants for orthophosphoric acid at 25°C are K, = 
7-1 x 10-3, K, = 6-2 x 10-§ and K, = 3-6 x 10-18 (Lambert and 
Watters, 1957); however, the slightly different older values for 
K, and Ky, 7-5 x 10-% and 10-1?” respectively, as adopted by NBS 
(Rossini et al., 1952) have been used for the sake of better internal 
consistency with the NBS free energy and entropy data. 

In the case of pyrophosphoric acid the values K, = 10-1, K, = 10-%, 
K,=2-7 x 10-7and K,=2-4 x 10~-!° have been used. Those for K, and 
K, are the older thermodynamic values (Rossini et al., 1952), a recent 
revision having given K, =1-7 x 10-7 and Ky, = 3-4 x 107-1 
(Lambert and Watters, 1957) but the differences are small enough 
to be negligible for the present purposes. A, has been put at 2-3 x 
10-8, and pX, characterized as small (Lambert and Watters, 1957). 
Mellor (1928) quotes K, = 1-4 x 10-1 and K, = 1-1 x 10-?, but 
these are experimental values for a finite ionic strength. As a com- 
promise, K, = 10-1 and K, = 10-* were finally chosen. While the 
former may be too small, and the latter a little too large, the cumu- 
lative error is unlikely to lead to an uncertainty exceeding | kcal/mole 
in AF, or 3 e.u. in AS. 

Heats of formation. The experimental values for all the ortho- and 
pyrophosphate species adopted by NBS (Rossini et al., 1952) are 
listed in Table 7. 

Standard entropies. NBS values are available for the partial molal 
entropies, S°, of all the orthophosphate species (Rossini et al., 1952). 
However, the values for the ions H,PO,-, HPO} and PO}{-, + 21:3, 
—8-6 and —52 e.u., do not quite agree with those calculated from the 
corresponding free energy and heat of formation data, i.e. +21-9, 
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—7:1 and —51-3 e.u. respectively. The latter values have been 
adopted to get self consistent results in later calculations in which the 
free energy and heat of formation data are used. 

Present experimental data are insufficient for the calculation of S° 
for the pyrophosphate species, so values have been obtained in the 
following way. Using Cobble’s empirical equation (Cobble, 1953), 

— 10 + 3/2Rin M + 9-2N — —0-22V,,_ ....(36) 
where M is the molecular weight, N the number of structurally 


TABLE 7 
Thermodynamic Data for ortho- and pyrophosphate—incorporating 
NBS values, in italics, and others calculated on the assumptions that 
the first two ionization constants of pyrophosphoric acid are 10~! and 
10-2 respectively, and S® for H,4P,0, is +62 e.u. 


Compound AF? AH? Ss? 
JOL. 274-: — 308°: +42 
lo 27 421-9 (421-3) 


—310- —7-9 (—8-6) 
— 306+! —51-3 (—52) 


—545° +62 
—546-7 
—547-0 +44-6 
~ 546-7 +154 
7 543+! —19-2 


bonded atoms (ignoring hydrogen), S$, small corrections for specific 
structural elements such as branched chains and double bonds, and 
V,, the molecular volume, the value 68 e.u. was obtained for H,P,O,. 
However a similar calculation for H,PO, gives 48 e.u. compared to 
the experimental value of 42 e.u. (Rossini et al., 1952); a corre- 
spondingly lower value of 62 e.u. was therefore adopted for H,P,O,. 
From the standard free energies of ionization, 1-4, 2-7, 9-0 and 13-1 
keal/mole obtained from the pA values, and the heats of ionization, 
—0-8, —0-3, +0-3 and +-2-8 kcal/mole obtained from the heats of 
formation of the various species, the entropies of ionization were found 
to be —7-4, —10-0, —29-2 and —34-6 e.u. respectively. Taking 
S(H+) = 0, in accord with the widely adopted convention, S° values 
for H,P,0}-, H,P,0?-, HP,O3- and P,O$- were then derived from 
successive equations of the type 

AS, = 8° (H,P,0}-) + S(H+) — 8°(H,P,0,) 
and found to be 54-6, 44-6, 15-4 and —19-2 e.u. respectively. 


1966 HPO} —261°5 
PO?- — 245-1] 
— 487 
H,P,07- —483 
HP,O3- —474 
P,OF- —461 
8 
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Given the heat of formation and S° data, it follows from the 


equation 


AH = 2AH,(ortho) — AH,(pyro) — AH,(H,0) 


and the similar equation for AS, that AH® = —2-2 keal/mole and 
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Fig. 4. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (R7' In f(H)) for the hydrolysis 
of pyrophosphate. 


AS® = +5-3 e.u. for the hydrolysis in acidic solution. These values 
give AF® = —3-8 keal/mole at 25°C. From the corresponding equa- 
tion for AF, the free energy of formation of H,P,O, was found to be 
—487-9 kcal/mole. The successive free energies of ionization then give 
—486-5, —483-8 —474-8 and —461-7 kcal/mole for the free energies of 
formation of H,P,0}~, H,P,03~, HP,O?~ and respectively. 
All these data are brought together in Table 7. 

From the values for the ionization constants, ¢ and the free energy 
increment, RT In f(H), as defined by equations (24) and (35) have 
been evaluated for the entire pH range 0-14 and plotted in Fig. 4. 
The extent to which overlapping of the ionizations prevents ¢ from 
reaching integral values, so that reactions (b), (d) and (e) in Table 6 
are only approximately correct, is shown up very clearly since in the 
pH regions concerned, 1-5, 8-5 and 10-5, the maximal values are 
—0-64, +0-86 and +-0-15 instead of —1, +1 and 0 respectively. 

The variation of the free energy increment, RT In f(H), with pH 
shows that, relative to AF°, AF, is more positive up to pH 9, after 
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which it becomes more negative. In Fig. 5 the variation of AF,,, 
with pH, calculated from equation (35) in the rearranged form, 


AF = AF® + RT In f(H) -(39) 


is plotted from pH 0 +> 14. 


Pyro+ — > 2 Ortho 


Fig. 5. The pH variation of AF’,,,, AH and —TAS for the 
hydrolysis of pyrophosphate. 


The factors that determine the magnitude of AF,,,, throughout this 
entire pH range can now be assessed by rearranging equation (34) 
in the form 


AF» = AF’ + ¢RT In H 


and substituting for AF’ as follows: 


AF = (AH — TAS) + 6RTIn H 


In general, the values of AH and —7'AS can be obtained from the 
data in Table 7 and AH? and S° for water. Over most of the pH 
range, where ¢ is neither zero nor a whole number, the calculations 
are rather complicated, and the role of the three factors, AH, —7'AS 
and ¢R7'lInH can be more simply demonstrated by considering 
reactions (b)-(f) in Table 6 for which ¢ approaches —1,0, +1,0 and 
+2 respectively. Values calculated for these reactions are plotted in 
Fig. 5 and have been arbitrarily joined by straight lines merely to 
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sketch in the variation over the whole pH range. The values, however, 
are approximate since small fractions of other ionic species would also 
be present. 

It follows from equation (40) that AF, will be given by (AH — 
TAS) only at pH values where ¢ = 0, as illustrated by the pH range 
4-—>5-5in Fig. 4. At all other pH values the term dRT In H makes 
a definite and sometimes very large contribution to AF,,,. The 
contribution is greatest at pH 14, where ¢ reaches its maximum value 
of +2. The individual values in equation (40) at this pH are 


—10-0 = —1°6 + 29-8 — 38-2 


showing that AF, is almost entirely dominated by the —7'AS and 
RT In H terms. At many other pH values it is also evident from 
the figure that these terms are of comparable if not greater importance 
than AH in determining AF,,. 

At pH 7:5, which is a convenient reference value for comparison of 
pyrophosphate with ATP, etc., detailed calculations based on 
gd = 0-41 give: 


= (AH — TAS) + 0-41 RT In 10-7° 
—2-1 = (—6-5 + 9-0) — 4-2 


The three terms are thus equally significant at this pH, and were it 
not for the favorable value of 6RT In H, AF, would be positive and 
the reaction unfavorable. Equation (41) has been written with an 
“equivalent’’ instead of an “‘equals”’ sign because there is a discrepancy 
of —0-4 kcal/mole between left and right hand sides. This is due to 
the accumulation of small inaccuracies involved in the very lengthy 
calculation procedures. AF, was obtained from AF® via equation 
(39) which gives the pH variation plotted in Fig. 5. AH and AS were 
obtained from the AH? and S°® values in Table 7 for the appropriate 
mixtures of ionic species that participate in the reaction at pH 7°-5, 
i.e. 0-09 H,P,O0F- and 0-91 HP,O3~, and 0-34 H,PO}~ and 0-66 
and ¢ was obtained from the plot in Fig. 4 based on equation (24). 
Finally, by comparing AF’ at pH 7-5 with AF®, both of which 
refer to the standard state H = 1, the extent to which the reaction is 
either hindered or helped by the participation of ionic rather than 
uncharged species can be assessed. The difference, [AF)y7.5— AF°] 
is positive, i.e. 


42-5 — (—3-8) = +63 


which shows that the hydrolysis is, in fact, markedly hindered on this 
account. It is of interest, therefore, to determine whether this 
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hindrance arises through the heat or entropy term. The numerical 
data are as follows: 

AH = 2AH?%(ortho) — AH}(pyro) — AH}(H,0) 

AH® = 2 x (—308-2) — (—545-9) — (—68-3) = —2: 
AHou7s = 2 X (—310-74) — (—546-7) — (—68-3) = 

AS = 28° ortho) — Spyro) — S°(H,O) 

AS® = 2 x 42 — 62 — 16:7 = 5-3, hence 7 AS® = +1°6 
7-5 = 2 X 2-2 —18 —16-7= —30-3, hence T'AS) 7.5= —9-0 

AF® = —2-2 — 16 = —3°8 

AF’ = + 9-0 = +25 
Thus AH is actually more favorable at pH 7-5 because a favorable 
decrease in 2AH?(ortho) of 5-1 keal/mole more than compensates for 
the adverse change of 0-8 kcal/mole in AH?}(pyro) to give a net gain 
of —4-3 kcal/mole. On the other hand AS is much more unfavorable, 
because the far more unfavorable decrease of 79-6 e.u. in2 S°(ortho) 
exceeds the smaller favorable increase of 44 e.u. in S%(pyro), to give 
a net loss of 35-6 e.u. As TAS, this is equivalent to 10-6 kcal/mole. 
The inherent hindrance to pyrophosphate hydrolysis, at pH 7-5 is 
therefore entirely borne by the entropy terms, and is a direct con- 
sequence of the more negative partial molal entropies of the ionic 
species. 

Summarizing, in addition to its contribution to AH, the ionization 
of reactant and product affects the magnitude of AF’, in two ways. 
First there is the hydrogen ion term which may be positive or negative, 
depending on whether H* takes part as reactant or product. Then 
there is the difference between the contributions from the partial 
molal entropies of the reactants and products in the ionized and 
undissociated states. Since the hydrogen ion and entropy terms are 
of comparable significance to AH in the pyrophosphate reaction at 
about neutrality, it may be anticipated that these terms will also 
play an important role in determining AF, for the hydrolysis of 
organic phosphates. Similar ionizing groups are involved in the reac- 
tions, and likewise, ionization will undoubtedly give rise to species with 
more negative partial molal entropies. This will be discussed in 
more detail in Section VII. 


VI. TrreHospHoric 


Before going on to discuss the hydrolysis of the biochemically impor- 
tant phosphate compounds, triphosphoric acid must be mentioned. 
This is H;P,0,9, the next higher homolog after pyrophosphoric acid, 
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and the parent acid of which ATP is the adenosine ester. Although 
it was well characterized in 1937 (Huber, 1937), and is now a com- 
mercial product, it has received relatively little notice in the bio- 
chemical literature. Papers have recently appeared on its metal 
complexes, ionization constants, and rate of hydrolysis (Lambert and 
Watters, 1957; Watters et al., 1957; Watters et al., 1956; Friess, 1952). 

It is unstable, but not exceptionally so. Under the same conditions 
of acidity and neutral salt concentration, calculations from published 


TABLE 8 
Kinetic Data for Polyphosphate Hydrolyses at 40°C 
(Friess, 1952; 1953) 


Are |. ame | AS* 
(keal/mole) (kcal/mole) (e.u.) 


Compound Solution (kcal/mole) 


ATP pH 1-33,03MNaCl | 21-24 0-4 | 26-0 4+ 0-5) 2064 0-4 —17-4+ 0-4 
Triphosphate 0-13 M HCl, 0-3 M NaCl | 22-9 25-5 223 — 10:3 
Pyrophosphate 0:13 M HCl, 0-3 M NaCl | 22-8 26-7 22-2 —14-5 


kinetic data show that it hydrolyses only about six times faster than 
pyrophosphate, with a half reaction time of 5 days, compared to 
thirty-two days, at 25°C (Friess, 1952). The difference in rate is 
entirely borne by a difference in the entropies of activation of 4-2 e.u., 
the activation energies being identical within experimental error 
(see Table 8). It is an interesting feature that, under very similar 
conditions, ATP hydrolyses at almost the same rate as its parent 
acid, with a half reaction time of four days at 25°C (Friess, 1953). 
In this case the activation energy is a little more favorable by 1-7 
keal/mole, while the entropy of activation a little less favorable by 
7-1 e.u., the effects almost compensating each other. As might be 
expected the enzyme catalyzed hydrolysis of ATP does proceed more 
rapidly (Ouellet et al., 1952). However, the data quoted in the table 
demonstrate very clearly that esterification of H;P,0,) by the 
biologically significant adenosine moiety has scarcely any influence 
on the inherent reactivity of the polyphosphate group. Moreover, 
since activation energies for the similar acid-catalyzed hydrolysis 
of esters of organic acids range from 15—23 kcal/mole, the values of 
21-23 kcal/mole for the phosphate anhydride bond split in ATP, 
triphosphate and pyrophosphate, suggest very strongly that this 
bond is not especially labile (Friess, 1953). 

The first hydrogen in H;P,0,,) is largely dissociated in a 0-01 M 
solution of the acid, and at an ionic strength of unity the remaining 
pKs were found to be 1-06, 2-11. 5-83 and 8-81 at 25°C. The first 
dissociation occurs from the central phosphate group, the second and 
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third, and the fourth and fifth, from the two terminal phosphate 
groups alternately. Analysis of the data gave for the thermodynamic 
pK values, pK, and pK, small, pK, = 2-30, pK, = 6-50 and pK; = 
9-24 (Lambert and Watters, 1957; Watters et al., 1956). 
To obtain ¢ and the free energy increment, for the hydrolysis 
yielding pyrophosphate, 
H;P,0,) + H,O > H,P,0, + H,PO, 
pK, and pK, have been put at 0 and 1 respectively, and, with the 
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Fig. 6. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)) for the hydrolysis 
of triphosphate. 


previous pK values for pyrophosphoric acid, calculations have been 
carried out using equations similar to (24) and (39) and the results 
plotted in Fig. 6. Because pK, is so small, reaction (43) is not a true 
representation of the hydrolysis at pH 0. With the value of zero for 
p&,, it is given more precisely by 
0-5H;P,0,) + 0-5H,P,0}5 + 0-5H* + H,O — H,P,0, + H,PO0, 


The chief difference from the hydrolysis of pyrophosphate is to be 
noted in weakly alkaline solution of pH 8-11 where ¢ scarcely decreases 
from its peak value of 0-85. This difference can be traced back to the 
manner in which certain ionizations in reactant and product tend to 
compensate, leaving others which dominate the reaction. In pyro- 
phosphate hydrolysis it is the remaining ionizations with pX 12 on 
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orthophosphoric acid that determine the behavior, whereas in 
triphosphate hydrolysis the ionizations with pK 7-2 and 12 of the 
orthophosphoric acid are important. 


VII. Tue PHospHate Compounps or BIOCHEMICAL 
INTEREST 


The participation of hydrogen ion in these reactions, and its réle in 
determining the variation of AF, with pH has been treated by 
previous authors, but for a limited pH range spanning neutrality 


TABLE 9 
Thermodynamic Ionization Data for the Terminal Phosphate Groups at 25°C* 


: 
Compound pK, AF°| AH? | As? | Charge 


| Change Reference 


First Orthophosphate 2-12 2-9 —3-1 | —20-8} O-»+—1)| Rossini, et al. 1952 
Ionization | Glycerol-2-phosphate 1-33 1-82 —2-89 —15:8} 0+-—1 Ashby et al., 1954 
| 
Second Orthophosphate 7-2 |9-8 | +0°9 | — 29-9) —1-—» —2) Rossini, et al. 1952 
Ionization | Arsenate 17-3 (9-9 | +1-4 —29 —1-—+—2) Rossini, et al. 1952 
Pyrophosphate | 6-54) 8-9 | +0-3 | —29 | —2+—3}] Rossini, et al. 1952 
Glycerol-2-phosphate | 6-65) 9-07; —0-41, —31-8. —2) Ashby et al., 1954 
Glucose-1-phosphate | 6-50 8-87) —0-43) —31-2, —1-+ —2) Ashby et al., 1955 
2-Aminoethanol-1 - | 5-84 7-97) —0-45) — 28-2 Clarke et al., 1955 
phosphate | 
AMP* 6-05 8-3 | —0-9 | —31 | —1-+—2) Alberty et al., 1951 
ADP* 6-26 8-6 | —0-3 | —30 | —2-+—3)| Alberty et al., 1951 
ATP* 6-48, 8:9 | —0-6 | —32  —3-+—4) Alberty et al., 1951 


* With the exception of the data for ATP, ADP and AMP which refer to finite ionic strength 


(Dixon, 1951; Morales, 1956; Alberty et al., 1951). However, in 
order to carry out calculations for the full pH range 0-14, like those 
in Section V for pyrophosphate hydrolysis, estimates of several 
ionization constants have again had to be made since experimental 
values are not available: i.e. for the ionizations with pK,, pK, and 
pK, of ATP; pK, and pK, of ADP; and pK, of AMP, acetyl phos- 
phate, phosphoenol pyruvate and creatine phosphate. The values 
assigned to these constants have been based upon three considerations. 

First, in compounds containing one phosphate group the pKs are 
substantially independent of certain structural changes in the mole- 
cule. This is borne out by data obtained by Kumler and Eiler (1943). 
For example, pK, for four monoalkyl orthophosphoric acids only 
varies from 1-54 to 1-89, and four dialkyl orthophosphoric acids from 
1-29 to 1-72: in addition pK, for the former only varies from 6-31 
to 6-84. The single pK, value, and the several pK, values for the 
much more complicated phosphate esters listed in Table 9 are also, 
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respectively, very similar in magnitude. Even the neighboring charge 
of +1 in 2-aminoethanol-1-phosphoric acid has relatively little effect 
on the second phosphate pX (Clarke et al., 1955). Single bonds 
separate the groups in this compound. In creatine phosphate, 
however, where there is a double bond, pK, shifts to 4:5: and in 
acetyl phosphate, which has the structure of a mixed anhydride, 
pK, is 4-7 (Meyerhof and Lohmann, 1928; Kumler and Eiler, 1943; 
Lipmann, 1946). 


TABLE 10 
Values of the pKs used in the Calculations 


ATP 1-0* (1st phos.) | 1:0* (2nd phos.) | 2-0* (3rd phos.) | 6-48 (4th phos.) 
ADP | 1-0* (1st phos.) 2-0* (2nd phos.) | 6-26 (3rd phos.) 

AMP 1-0* (Ist phos.) | 6-05 (2nd phos.) 

Glye. P. 1-3 (1st phos.) | 6-65 (2nd phos.) 

Acetyl P. | 1-0* (Ist phos.) | 4:7 (2nd phos.) 

Acetie Acid | 47 (COOH) | 

Phosphoenol pyr. | 1:0* (Ist phos.) | 35 (COOH) 6-38 (2nd phos.) 

Pyruvic acid | 2-5 (COOH) 

Creat. P. 1-0* (1st phos.) | 2-3. (COOH) 4-5 (2nd phos.) | 12-0 (guan.) 


Creatine | 2-4 (COOH) 13-5 (guan.) 


* The values denoted with an asterisk have been assigned by analogy with those for similar 
compounds. 


Secondly, in the phosphate anhydrides, a single negative charge on 
one phosphate group scarcely affects either the first or second ioniza- 
tion of the adjacent phosphate group. For example, pK, of H,P,O, 
and pK, of H;P,0,, are close to pK, of H,PO, andits esters: pK, of 
H,P,0, and ADP and pK, of H;P,0,) and ATP are also very much 
alike (Lambert and Watters, 1957; Watters et al., 1956; Alberty 
et al., 1951). 

Thirdly, the approximate constancy of the pX for the second 
ionization does not result from gross compensation between the AH 
and AS terms, as shown in Table 9. AS only ranges from 28 to 32 e.u., 
and AH from —0-9 to +0-3 kcal/mole. Even the data for arsenate 
closely resemble those for orthophosphate. 

Values of 1 and 2 have accordingly been chosen for the unknown 
ps as listed in Table 10, and denoted by asterisks. In the case 
of ATP, later calculations have also been carried out with the 
alternative value, pk, = 0, more in keeping with the probable 
value for the parent acid, to illustrate the effect introduced by an 
uncertainty of 1 unit. pX, for acetyl phosphate may also be nearer 
zero in view of the shift in pX, commented on above, and a similar 
effect would be anticipated. 

The experimentally determined pX values for the other ionizations, 
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which have to be taken into account in the hydrolysis and phosphate 
transfer reactions, are also listed in the table. These are the remaining 
phosphate ionizations, and those of other groups that have sub- 
stantially different pAs in reactant and product. For example, the 
carboxyl group has a pX of 3-5 in phosphoenol pyruvate and 2-5 
in pyruvic acid (Kumler and Eiler, 1943; Kiessling, 1934). The 
ionization of the adenine-NH; group in ATP, ADP and AMP has 
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Fig. 7. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)) for the hydrolysis 
of adenosine triphosphate yielding adenosine diphosphate. The 
dotted curves are based on pA, = 0, for ATP. 


been omitted from the calculations because the variation in pK is 
relatively much smaller, the values being 4-0, 3-94 and 3-74 respec- 
tively (Alberty et al., 1951). There is some doubt as to precise values 
for the guanidino group in creatine and creatine phosphate, but since 
the ionization is only operative at the extreme alkaline end of the 
pH range, no serious error results. In the calculations no attempt has 
been made to extrapolate the experimental pK values for ATP, ADP, 
etc. to zero ionic strength and obtain thermodynamic ionization 
constants: instead, the values have been used directly along with 
thermodynamic values for ortho- and pyro-phosphoric acid, etc. 
This procedure would be inadmissible in an exact thermodynamic 
analysis, but the present treatment is necessarily approximate, 
incorporating as it does assigned values for certain pKs. 
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1. Application of Theoretical Equations Developed in Section V.1. 


1.1. The pH variations of and RT In f(H). Using equations similar 
to those employed for the hydrolysis of pyrophosphate and triphos- 
phate, ¢ and the free energy increment have been evaluated and 
plotted against pH for the hydrolysis of ATP yielding ADP and AMP 
respectively (Figs. 7 and 8), ADP yielding AMP (Fig. 9), acetyl 
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Fig. 8. The pH variation of the stoichiometric amount of H+ ion 
(¢), and the free energy increment (RT In f(H)), for the hydrolysis 


of adenosine triphosphate yielding adenosine monophosphate. 


phosphate (Fig. 10), phosphoenolpyruvate (Fig. 11), creatine phos- 
phate (Fig. 12), AMP (Fig. 13) and glycerol-2-phosphate (Fig. 14). 
In addition the values for the phosphate transfer reactions between 
ATP and AMP, and creatine phosphate and ADP, are plotted in 
Figs. 15 and 16. 

Inspection of the figures shows that the variation of ¢ with pH is, 
in the majority of cases, dominated by pKs that remain after those 
common (or approximately so) to reactants and products have been 
“cancelled out’. Thus pK, and pK, of orthophosphate dominate 
the hydrolysis of ATP yielding ADP, ADP yielding AMP, as well as 
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Fig. 9. The pH variation of the stoichiometric amount of H* ion (¢), 
and the free energy increment (PRT In f(H)), for the hydrolysis of 
adenosine diphosphate. 
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Fig. 10. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)), for the hydrolysis 
of acetyl phosphate. 
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Fig. 11. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)), for the hydrolysis 
of phosphoenol pyruvate. 
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Fig. 12. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)), for the hydrolysis 
of creatine phosphate. (pA, of Cr—P should be shown as 4-5.) 


+10 T T T T +50 
L 


4 


liberated re) fe) OF 
per x _| Increment 
mole | 
LV 
AMP + H,0 Adenosine +HPO, 


pH 

Fig. 13. The pH variation of the stoichiometric amount of H+ ion 

(¢), and the free energy increment (FT In f(H)), for the hydrolysis 

of adenosine monophosphate). 


38 GeorGE and Rosert J. RuTMAN 


acetylphosphate: pX, finally dominates the hydrolysis of phospho- 
enolpyruvate, AMP, and glycerol-2-phosphate: and pK, of pyro- 
phosphate finally dominates the hydrolysis of ATP yielding AMP. 
¢ is independent of pH beyond pH 3 in the ATP + AMP transfer 
reaction due to complete cancellation. On the other hand in the 
hydrolysis of creatine phosphate, and in its transfer reaction with 
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Fig. 14. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)), for the hydrolysis 
of glycerol phosphate. 
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ADP, cancellation does not occur to the same extent, and the com- 
plicated interplay of ionizations is more evident throughout the entire 
pH range, with the guanidine group finally becoming important. 

It is clear that no systematic differentiation between “high” and 
“low” energy phosphate compounds can be based upon the pH 
variations of ¢, and the same is true of the free energy increment, 
RT I\n f(H). Inspection shows that its variation with pH is likewise 
dominated by the same pXs, but in this case the form of the equation 
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results in a progressive accumulation of increments, equivalent to the 
differences between ps in reactants and products. 

1.2. Standard states. Knowing the value of AF, at one pH the 
variation of RT In f(H) enables AF, to be calculated for any other 
pH, and from the variation of ¢, the term dRT In H can be evaluated 
and subtracted from AF, to give AF’ (see equations 34 and 35). 
The question of the choice of a pH value at which AF’,,, for the various 
reactions can best be compared, and AF’ calculated and compared in 
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Fig. 16. The pH variation of the stoichiometric amount of H* ion 
(¢), and the free energy increment (RT In f(H)), for the phosphate 
transfer reaction between creatine phosphate and adenosine 
diphosphate. 


turn, now arises. As was to be anticipated from the previous discus- 
sion of pyrophosphate hydrolysis, and is fully borne out by the non- 
integral values of 4, mixtures of ionized species of either or both 
reactant and product participate over most of the pH range. The 
majority of the reactions involve single ionic species only in narrow 
pH regions at about 4—>5 and 9-10, where orthophosphate is 
presentas H,PO{~ and HPO}~ respectively, and finally inthe extremely 
alkaline region, of pH > 13, where all the compounds are fully ionized. 
In the physiological pH region around pH 7 not only is orthophos- 
phate present as a mixture of H,PO{~ and HPO{-, but the majority 
of the other compounds are also present as mixtures of species, 
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because they possess ionizing groups with pK values lying between 6 
and 7. A reference pH in the region 4 — 5 or 9 + 10 would be of more 
direct thermodynamic significance since only single species are 
present: whereas a pH in the neighborhood of 7 is clearly more 
relevant to a physiological environment. The choice is therefore at 
best an arbitrary one, and for the present purposes pH 7-5 has been 
chosen for three reasons. First, the physiological consideration; 
secondly, pH 7-5 has already been adopted in discussion of reaction 
sequences involving ATP and acetyl phosphate (Burton and Krebs, 
1953); and thirdly, it so happens, as will appear below, that the 
contributions of the heat, entropy and hydrogen ion terms to AF), 
are particularly well exemplified at this pH. 

From equilibrium constant and free energy data in the literature, 
AF, and AF’ at pH 7-5, and AF®, all at 25°C, have accordingly been 
evaluated. These are listed in Table 11 together with the RT In H 
and RT In f(H) terms, obtained from Figs. 7-16, which enter into 
the calculations. The hydrolysis reactions are arranged in order of 
decreasing favorable AF’, values, i.e. from —14-0 to —2-1 keal/mole. 
Thermodynamic equilibrium constants are not available for any of the 
reactions, all the values employed being for finite ionic strength 
conditions. The values of AF,,, can therefore only be regarded as 
approximations to the true thermodynamic quantities, and those of 
AF’ and AF® are further subject to uncertainty since non-thermo- 
dynamic and estimated pK values had to be used in the calculations. 
The participation of metal ion complexes, e.g. with Mg?*, has also 
been neglected. Similar complexes are formed by both the reactants 
and products, which tends to minimize the effect, and it has been 
shown that the necessary corrections to AF, are relatively small, 
amounting to about 0-5 kcal/mole (Burton and Krebs, 1953). How- 
ever, in spite of these shortcomings, the data show very significant 
trends of such a magnitude that they undoubtedly originate in the 
fundamental thermodynamic quantities. 

Somewhat similar calculations have been carried out by Burton 
and Krebs (1953), AG’ in their terminology corresponding to AF), 
and AG® to AF’, although estimates of the standard free energy 
change for the hydrolysis with unionized species, i.e. AF® in Table 11, 
were not made. Their calculations differ in principle, being based on 
hypothetical reactions involving only single ionic species; while the 
present analysis requires the more elaborate procedure, taking into 
account mixed ionic species in terms of the non-integral values of ¢ 
for the participation of hydrogen ion. 

1.3. The contribution of 6RT In H to AF.,: Calculation of AF®. 
The values in Table 11 show that the hydrogen ion term ¢RT In H 
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plays a very significant réle in determining AF, for the hydrolyses. 
In reactions (a), (b), (e), (f) and (i), hydrogen ion participates, frac- 
tionally, as a product in the hydrolysis. The low hydrogen ion con- 
centration, namely 10~*°, serves as an additional driving force beside 
that given by the standard free energy change AF’, which refers to 
identical mixtures of ionic species but with H = 1. On the other hand, 
in reactions (c), (d), (g) and (h), hydrogen ion participates, fractionally, 
as a reactant, hence its low concentration is unfavorable, and AF, 
is less negative than AF’. As with the pH variations of ¢ and RT Inf 
(H), the values of dRT In H range from —9-8 to +3-5 keal/mole in a 
haphazard manner from one reaction to another. Thus ¢RT In H 
provides no means of distinguishing “high energy” from ‘‘low energy”’ 
phosphate compounds, reactions (a) — (f) belonging to the former 
class while (g) and (h) belong to the latter. However the importance 
of this term, at this reference pH of 7-5, is brought out by the observa- 
tion that, in its absence AMP and glycerol phosphate would rank as 
higher energy compounds than ATP and ADP, as can be seen from 
the values of AF’ in the table. The great contribution RT In H can 
make toward a favorable AF, is especially noteworthy in the case 
of ATP (reaction (e)), accounting for —7-0 kcal/mole in a total AF), 
of —8-3 kcal/mole. 

Since ¢ is very sensitive to pH changes in the region about 7-5 (see 
Figs. 4-13) it follows that the term ¢RT In H is also very dependent 
upon pH. The values that it takes from pH 5 to 9 in the hydrolysis of 
ATP in reaction (e) are plotted in Fig. 17, where it can be seen that 
from pH 6-5 onwards it accounts for more than one third of AF... 
Furthermore its contribution rapidly increases, and, even before pH 8 
is reached, 6RT In H becomes greater than AF,,,, indicating that 
in this pH region AF’ assumes positive values. This is due, as will be 
shown later, to striking changes in the —7'AS term from negative 
to substantial positive values. 

The values of AF® are not as revealing as those of RT In H and 
AF’, nevertheless they show some interesting features. The differences 
between AF® and AF, ic. RT In f(H), are by no means negligible, 
amounting to between —1-9 and +5-1 kcal/mole, but with only two 
exceptions, reactions (a) and (d), the set of hydrolysis reactions in the 
table remains unaltered in order of decreasing favorable free energies. 
The value of AF® for the “‘low energy’ compounds, AMP and glycerol 
phosphate are however closer to those forthe ‘‘highenergy”’ compounds, 
ATP and ADP. The similar order for AF°® and AF, could be taken as 
an indication that the various ionizations which occur between H = 1 
and pH 7-5 have relatively little influence, and that the extent to 
which the hydrolysis is favored is almost entirely predetermined by 
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structural factors already present in the undissociated species. But this 
is an oversimplification, because, as shown above, the hydrogen ion 
term ¢RT In H, which is not directly determined by the thermo- 
dynamic properties of reactants and products but only indirectly 
through the ionization constants, makes a very important contri- 
bution to AF... More subtle considerations are clearly involved, 
as will appear shortly in a comparison of the differences between 
AF® and AF’. 


T 


Fig. 17. The variation of AF,,., In H and —TAS for the 
hydrolysis of adenosine triphosphate yielding adenosine diphosphate 
over the pH range 5-9. 


At this point it is important to determine how the calculations are 
affected by an error of, say, 1 unit in the pK value which, in the 
absence of experimental measurements, had to be assigned to the 
first ionization of the reactants. Taking ATP as an example, the 
dotted curves in Fig. 7 show the effect of using pA, = 0 instead of 
pK, = 1 on the evaluation of ¢ and the free energy increment, 
RT Inf(H). As indicated previously, ¢ is not a cumulative function, 
since an ionization on the reactant eventually compensates for an 
ionization on the product. The change in pK, thus affects ¢ only at 
pH < 2; ¢RT In FH at pH 7-5 is unchanged, and AF’ has the same 
value as before. On the other hand the free energy increment RT In f 
(H) is a cumulative function, and the change in pX from 1 to 0 results 
in an increase from +0-6 to +2-0 keal/mole at pH 7-5 (see Fig. 7), 
i.e. a difference of 1-4 keal/mole. Hence in calculating AF® from 
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values of AF, at pH 7-5 for the ATP reactions, AF is more favorable 
by this difference of 1-4 kcal/mole if ATP is the reactant; e.g. AF° 
for reactions a, e and 1 becomes —13-5, —10-3 and —3-°3 instead of 
—12-1, —8-9 and —1-9 kcal/mole respectively. While if ATP is the 
product the change in the free energy increment operates in the 
opposite sense, for example in reactions (j) and (k), AF® becomes 
—4:5 and —5-4 instead of —5-9 and —6-8 kcal/mole respectively. 
The relatively large change of 1 unit in the pK value thus leaves 
AF’ at pH 7-5 unchanged, and the alteration of 1-4 kcal/mole in AF®, 
although not negligible, is nevertheless not great enough drastically to 
alter the position of the ATP reactions from the order given in the table. 

1.4. [AF’ — AF°]: Entropy contributions. The uncertainty in the 
values assigned to the unknown p& values is unlikely to exceed 1 
unit, and so, bearing in mind this possible source of error of about 
1 keal/mole in the values of AF®, the analysis can be carried a stage 
further to ascertain in greater detail the factors that determine AF... 
The hydrogen ion term has already been dealt with, leaving AF’. 
Now, as shown in the case of pyrophosphate hydrolysis, the difference 
between AF’ and AF° is a measure of the extent to which the reaction 
is either hindered or helped by the participation of ionic rather than 
undissociated species. The values of [AF’ — AF°], for the various 
hydrolyses are listed in the last column of Table 11, and can be seen 
to fall into two classes. For reactions (a), (b), (e), (f) and (i), [AF’ — 
AF°] is large and positive, i.e. +5-9 to +-7-9 keal/mole: for reactions 
(c), (d), (g) and (h) [AF’ — AF°] is 0 + 2 keal/mole. The hydrolysis 
of pyrophosphate, reaction (i), comes into the former class, and in this 
case the positive value of 5-9 keal/mole was found in Section V.2 to 
originate entirely in an adverse change in the 7’AS term on going from 
the undissociated to the ionic species. 

The fundamental thermodynamic quantities, i.e. AH? and 8°, are 
lacking for all the other compounds, hence the réle of the heat and 
entropy factors in determining | AF’ — AF°] cannot yet be established 
with certainty. Nevertheless there are strong indications that the 
entropy factor is again of primary importance. Reactions (a), 
(e) and (f), where two phosphates are produced, as in the pyrophos- 
phate reaction (i), likewise have large positive values of [AF’ — AF°]; 
in contrast, reactions (g) and (h) where one phosphate and an un- 
dissociated group is formed, have values near zero. Comparison of the 
individual equations for AS, 


AS peact(i) = S(ortho) +- S (ortho) — S°( pyro) — §°(H,0) 
AS veact(e) = S(ADP) + S%ortho) — S ATP) — S°(H,O) 
AS reactig) = S°(adenosine) + S%(ortho) —S°AMP) —S°(H,O) ....(47) 
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shows that AS will undoubtedly be less favorable for reactions (a), 
(e) and (f) when they involve ionic species, because, as in the case of 
reaction (i), the successive ionization of the phosphates compounds 
will give rise to species with progressively more negative partial 
mola] entropies, and therefore [AF’ — AF°] will assume substantial 
positive values. On the other hand, in reactions (g) and (h), there is 
no corresponding ionization of a phosphate group in the products, 
adenosine and glycerol. Hence in the equations for AS, the change in 
S° (ortho) to more negative values will be largely offset by similar 
changes in S® (AMP) and 8° (glycerol-P.), and as a consequence any 
trend towards unfavorable values, i.e. AS negative, will be far less 
pronounced. Reactions (b) and (d) also fit into this pattern. In (b) 
the acetate ion has a partial molal entropy 22 e.u. more negative than 
the undissociated acetic acid (Rossini et al., 1952) which alone would 
make AF’ more positive than AF°® by 6-6 kcal/mole. In this respect the 
acetate group simulates the phosphate groups of ADP and AMP 
produced in reactions (a), (e) and (f). Reaction (d) differs in that 
[AF’ — AF®] is about zero. But judging from glycine, where the 
entropy of the first ionization is only —6-8 e.u. (Schmidt, 1946) 
compared to the —22 e.u. for acetic acid, the production of the 
similar zwitterion of creatine at pH 7-5 should be accompanied by a 
correspondingly smaller entropy decrease, and so the adverse entropy 
contribution to [AF’ — AF®) for reaction (d) should be relatively 
much less than that for reaction (b). Not having the entropy of 
ionization of pyruvic acid, no definite explanation can be advanced 
for the classification of phosphoenol pyruvate, reaction (c), with 
reactions (d),(g) and (h). In so far as two acid species are produced it 
might have been expected to resemble reactions (a), (b), (e), (f) and (i). 
However if the entropy of ionization is less negative than that of acetic 
acid, which it may well be in view of the greater acid strength, this 
would serve to make [AF’ — AF®] less positive, as has been argued 
in the case of creatine phosphate. Hence in all but one instance the 
values of [AF’ — AF®] clearly follow the pattern that would be 
expected from the changes in the partial molal entropies of reactants 
and products in going from H = 1 to pH 7-5, and there seems little 
doubt that the entropy term 7'AS is an extremely important factor 
in determining the magnitude of AF, from one group of these re- 
actions to another. 

This is further borne out by the 7'AS values that can be calculated 
for the few reactions where AH is known with some certainty; for 
completeness, similar calculations have been carried out for reaction 
(a) of ATP, assuming that the values of AH for reactions (e) and (f) 
are identical. These values of 7'AS are listed in Table 12 along with 
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those of AH and ¢R7T1InH which together make up AF. It 
is very evident that there is no significant trend in any of these 
quantities that uniquely differentiates ‘‘high’ from “‘low energy” 
phosphate compounds. Although AH is a little more favorable for 
reactions (d) and (e) than it is for reaction (h), the values of AF), 
are much more widely separated. Moreover there is little likelihood 
that AH for reaction (a), which has by far the most favorable AF, 


TABLE 12 
Thermodynamic Data for Various Hydrolyses at pH 7-5 
AFops = AF’ + nH = AH — TAS +¢RT InH 


Reaction AF, AF’ AH TAS |¢RTlInH 

(a) ATP + H,O—AMP + pyro ~ —14-0 ~—42 —30) ~ —9-8 
(ce) Phosphoenol Pyr. + H,O — 

pyruvate + ortho —13°7 —16°6 | —81 +2-9 
(d) Creat. P. + H,O — 

creatine + ortho — 10-6 —14-1  —48 —9-3 +3°5 
(e) ATP + H,O ADP + ortho —8-3 —7:0 
(h) Glycerol. P. + H,O — 

glycerol + ortho rm —2-4 ~—46 | —1:3) ~ —3-3 +2-2 

Pyro + H,O — 2 ortho, 
(See V.2) — 2-1 (—1:7) | +9-0 —4-2 


The sources for A F'ops are given in Table 11, together with those for AH of reactions 
(d), (e), (h) and (i). AH for reaction (a) has been evaluated on the assumption that 
AH for reactions (e) and (f) are identical. The value of —8-5 kcal/mole for reaction 
(c), obtained by Meyerhof and Lohmann (1928), has been adopted. 


among these reactions, will prove to be any more favorable than it is 
for reactions (d) and (e). In fact the values of 7’AS and dRT In H 
vary far more than those of AH, which as demonstrated in Section 5 
is the term containing the bond energy contributions. In some cases, 
e.g. reactions (a), (d) and (h), —7'AS is negative, making AF,,, 
more negative, while in other cases, e.g. reactions (e) and (i), —7'AS is 
positive, having the opposite effect. The term ¢R7' In H also has 
either positive or negative values, for example, reactions (d) and (h) 
compared to reactions (a), (e) and (i). There is a marked tendency for 
compensation to occur between these two terms, i.e. if —7' AS is positive 
(and therefore unfavorable), RT In H is negative (and therefore 
favorable), and vice versa. This effect is shown by five of the six 
reactions in the Table 12. 

1.5. Compensatory effects between PRT In H and TAS terms. The 
extremely important contributions of these terms and their com- 
pensating nature are further exemplified by the data for reaction (e) 
of ATP from pH 5-9. The change in the values of 6RT In H, shown 
in Fig. 17, have already been referred to. Now AH for this reaction 
was determined at pH 7-0, and, over the range 5-9, the only ionizations 
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operative are the second in orthophosphate and the third and fourth 
ionizations of the polyphosphate moiety in ADP and ATP respectively. 
These have small heats of ionization, i.e. +0-9, —0-3 and —0-6 keal/ 
mole respectively (see Table 9). Hence to a first approximation, 
AH for the hydrolysis reaction (e) can be considered independent of 
pH. The variation of 7’AS with pH has accordingly been calculated 
as follows. AF, was evaluated at pH intervals of 0-5 units from 
pH 5-9, using the reference value of —8-3 kcal/mole at pH 7-5 and 
the pH variation of RT In f(H) given in Fig. 7. Values of d6RT In H 
were obtained using the pH variation of ¢ in the same figure; and, 
taking AH = —4-8 kcal/mole throughout the pH range, TAS was 
then calculated from equation (38) 


ie. = (AH — TAS) + ORT In H ....(38) 


As can be seen from Fig. 17, AF’, only increases slightly from —7-4 
to —10-0 kcal/mole, whereas —7'AS changes much more from 
—2-5 to +7-0 kcal/mole and In H more still, from —0-1 to 
—12-2 kcal/mole. Moreover, it is the predominance of dRT In H that 
results in the small trend in AF, toward more negative values. 

These pH variations provide a useful clue to the origin of the com- 
pensation between the 7AS and RT In H terms. The increasing 
participation of more highly ionized species from pH 5 to 9 results in a 
greater participation of H* as a product, i.e. ¢ increases from nearly 
zero to about 1. As a consequence, with the low hydrogen ion con- 
centration helping to drive the reaction, 6R7’ ln H assumes pro- 
gressively more negative values. But the more highly ionized species 
are characterized by more negative partial molal entropies, which, in 
this particular reaction, serve to make AS progressively less favorable. 
However, compensation between the 7’ AS and In H terms only 
happens fortuitously in certain pH regions. As indicated in Fig. 17, 
even with reaction (e) of ATP, both terms make favorable contribu- 
tions to AF,,, from pH 5 to 6-6. Furthermore with some of the 
reactions in regions where ¢ is negative, and as a consequence RT In 
H makes an unfavorable contribution to AF,,., it is quite conceivable 
that the 7'AS contribution would also be unfavorable. No simple 
generalization can therefore be made. 

2. Pyrophosphate versus Orthophosphate split of ATP. Finally, an 
interesting comparison can be drawn between the two hydrolyses of 
ATP, reactions (a) and (e), which yield AMP + pyrophosphate, 
and ADP + orthophosphate respectively. According to the older 
conception of “high energy bonds,’ ATP was represented: 


Adenosine — phos. ~ phos. ~ phos. 


(i) (ii) (iti) 
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where the curly bonds (ii) and (iii) indicated that the hydrolysis 
yielding ADP, and the subsequent hydrolysis of ADP yielding AMP 
(reactions (e) and (f)) are more favorable than the final hydrolysis of 
AMP (reaction (g)) in which bond (i) is broken. This representation 
could be taken to suggest that the hydrolysis of ATP yielding AMP 
directly, which involves the fission of bond (ii) in reaction (a), is 
a similar process thermodynamically to reactions (e) and (f). The 
data in Tables 11 and 12, however, show that this is far from being so. 
The different product in reaction (a), i.e. pyrophosphate, has a pro- 
found influence, which demonstrates very clearly how essential it is to 
consider the whole reaction, products as well as reactants. The 
difference arises because pyrophosphate itself, at least at pH 7-5, is 
not a “high energy’? compound. Even though AH is a little more 
favorable than it is for the hydrolysis of ATP and ADP in reactions (e) 
and (f), AF,,, nevertheless has the low value of —2-1 kcal/mole, 
which puts pyrophosphate in the same category as AMP and glycerol- 
phosphate. Because of this low AF, the fission of bond (ii) in reaction 
(a) of ATP results in a favorable free energy change almost twice that 
for reaction (e) or (f) i.e. —14-0 compared with —8-3 and —7-:8 keal/ 
mole. The ¢RT In H term is partly responsible, to the extent of about 
3 keal/mole, the remainder being borne by the AH and 7'AS terms. 
The value of AH for reaction (a) can only be estimated at present, but 
since the approximate value of —3-0 kcal/mole, based on the assump- 
tion that AH for reactions (e) and (f) are identical, is less favorable than 
that for reaction (e) by almost 2 kcal/mole, it is rather unlikely that 
the true value will turn out to favor reaction (a) with respect to (e) 
and (f) to any significant extent. This leaves the entropy term. In 
Section V.2 the partial molal entropies of pyrophosphate and ortho- 
phosphate were calculated and found to be +18-0e.u. and +2-2 e.u. 
respectively. On this account alone AS for reaction (a) would be more 
favorable than that for reaction (e) or (f) by the difference, i.e. 
15-8 e.u., which, as 7’AS amounts to 4:7 kcal/mole. It is fortuitous 
that this corresponds exactly to the difference between the 7’AS 
values for reactions (a) and (e) listed in Table 12, but there can be 
little doubt that in these two ATP reactions the entropy factor makes 
a most important contribution in distinguishing one from the other. 


VIII. Summary CONCLUSIONS 


The central réle of organic phosphate compounds as intermediates 
and co-factors, established by the classical investigations of carbo- 
hydrate metabolism, is now recognized in all phases of the transfer, 
accumulation and utilization of chemical substances in living systems. 
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This privileged position led naturally to the characterization of labile 
and stable compounds as possessing “high” and “‘low’’ energy phos- 
phate bonds respectively. However, despite the wealth of detail on 
enzymatic steps and reaction sequences, there has been but little 
consideration of the fundamental thermodynamic quantities which 
necessarily determine the biochemical reactions. This disparity is 
particularly serious in the case of the phosphate compounds, because 
they are directly involved in processes where the utilization of free 
energy is the essential feature. 

The purpose of this study has been to initiate a more searching and 
critical evaluation of the factors that make up the driving force, i.e. 
the free energy change, in the hydrolysis and phosphate group 
transfer reactions. From the thermochemical cycle for the hydrolysis 
it is evident that besides bond energy terms, heats of fusion, evapora- 
tion, solution and ionization contribute in determining AH. Moreover, 
among these phosphate reactions, where AH only varies by a few 
kilocalories per mole, these other terms, although individually smaller 
in magnitude than bond energies, may nevertheless be equally signi- 
ficant. 

In addition to the contribution of the heats of ionization to AH, 
the ionization of groups in reactants and products influences the free 
energy change in two distinct though interrelated ways. First, the 
extent to which these ionizations occur determines the participation 
of hydrogen ion in the reactions. At the low concentrations prevailing 
in the physiological pH range, this can result in a contribution to the 
overall free energy change, in some cases favorable while in others 
unfavorable, comparable in magnitude to AH. Secondly, the succes- 
sive ionization steps yield species with progressively and substantially 
more negative partial molal entropies, which markedly affects the 
overall entropy change, AS. 

Analysis of the data for a number of hydrolyses shows that the 
especially favorable free energy change, which characterizes the 
“high energy”? compounds, can arise through the predominance of any 
one of the three factors: AH, AS or the hydrogen ion term. Further- 
more, AS and the hydrogen ion term are very dependent upon pH. 
However, the values of AH to which the bond energy terms contribute, 
bear no systematic relation to the values of AF, and likewise, 
neither AS nor the hydrogen ion term provide a fundamental criterion 
for distinguishing the “‘high energy”’ from the “low energy”? compound. 

In making this analysis it was necessary to assume values for some 
ionization constants and heats of hydrolysis, on the basis of the known 
values for compounds having similar structures. A more precise 
treatment now awaits their experimental determination, but there 
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is little reason to suspect that this will necessitate any major revision 
of the present conclusions. 

It is revealing to compare the two paths for ATP hydrolysis, which 
yield orthophosphate and ADP, or pyrophosphate and AMP, respec- 
tively. AF for the latter reaction is much more favorable. This is in 
accord with current observations that processes involving the ortho- 
phosphate split, for example RNA formation, can be made to proceed 
in either direction, whereas other processes which involve the pyre- 
phosphate split, for example DNA formation, are not so readily 
reversed. The thermodynamic comparison thus offers a basis for the 
biochemical observations, and suggests that pyrophosphate splitting 
mechanisms in protein synthesis, for which there is already some 
evidence, merit detailed consideration. 

The many reactions in which phosphate compounds participate 
represent a high degree of functional specialization; yet it would 
appear that this has been achieved by utilizing the properties expected 
of substituted phosphoric acids. These compounds seem in no way to 
represent a unique chemical class, rather their unique features emerge 
from the manner in which ordinary chemical properties are integrated 
into the specific enzymatic mechanisms and the particular reaction 
sequences in living systems. 
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Note added in proof. 
In a discussion with our colleague, Dr. John Bettlestone, we found 
that in evaluating AF’ from AH, and S® for the pyrophosphate 
hydrolysis at pH 7-5, and in evaluating 7’AS from AF’ and AH for 
the several reactions listed in Table 12, a term in AF of the form 


RT In | = + RT In ] 
(K + H) (K + H) (K + H) (K + H) 

for each reactant or product present as a mixture of ionized species 
was omitted. However, this term is small in magnitude, amounting 
at most to 0-4 kcal/mole, and, in addition, if a reactant and product 
have similar pK values, the corresponding terms tend to compensate 
each other. Hence, although the calculations as given are not quite 
exact, the conclusions are in no way affected. A more detailed treat- 
ment of this theoretical point will be taken up in a later publication. 
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THE STRUCTURE AND PHYSICAL CHEMISTRY 
OF NUCLEIC ACIDS AND NUCLEOPROTEINS 


A. R. Peacocke 


I. 


THE study of the structure and physical chemistry of the nucleic 
acids and nucleoproteins has been greatly stimulated by the discov- 
eries of their biological activity. Deoxyribonucleic acids isolated from 
bacteria have transforming properties with respect to the genetic 
characteristics of the bacteria, ribonucleic acid isolated from tobacco 
mosaic virus has the ability by itself to stimulate the production of 
new virus particles of the same strain in the host plant and ribonu- 
cleoproteins in the form of viruses have long been known to be able to 
reproduce in vivo. The biological aspects of these studies have made 
such great advances in recent years that one can only refer the reader to 
various reviews concerned with transforming principles (Ephrussi- 
Taylor, 1955; Zamenhof, 1956), with bacteriophage (Boyd, 1956), 
with viruses (Gierer, 1959) and with wider fields (Overend and 
Peacocke, 1957; Perutz, 1958). Recent volumes of great interest 
covering both the biological and structural fields in some detail are the 
reports of the proceedings of the McCollum-Pratt Symposium in 
1956 (The Chemical Basis of Heredity Eds. McElroy and Glass, 
Baltimore, 1957), of the Biochemical Society Symposium in 1956 
(Biochemical Society Symposia No. 14, 1956) and of the Symposium of 
the Society for Experimental Biology (No. 12) in 1957 (The Biological 
Replication of Macromolecules, Cambridge, 1958). The following article 
is confined to some of the more important aspects of recent work on the 
structure and physico-chemical behaviour of these substances. Investi- 
gations in this field up to about 1955 are surveyed in The Nucleic Acids 
(Ed. Chargaff and Davidson, 1955) and other more recent reviews will 
be mentioned in the appropriate sections. 


II. Nucterc Acips 
1. Structure 
The X-ray and other evidence for the double helical structure of 
deoxyribonucleic acid (DNA) up to 1956 has been reviewed in an 
earlier volume in this series (Shooter, 1957). Since then accurate 
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information has been obtained by more exact measurements of X-ray 
intensities and by utilizing new stereochemical data. This has 
enabled molecular models to be built closer to the form likely to be 
correct. Moreover salts other than the sodium salt have become 
available and, in particular, the lithium salt has allowed more accurate 
calculations to be made since the lithium ion scatters X-rays so little 
that it may be ignored. (The position of the ions in the structure is 
somewhat uncertain and wrong placing of an ion as heavy as sodium 
possibly introduces errors into the calculations). The results of these 
further studies have been described by Langridge et al., (1957) and 
have been surveyed by Wilkins (1956a, b, 1957). It appears that, in the 
fibrous solid state, DNA has the following main configurations. 

(A) is a very compressed, and highly crystalline, structure which 
exists at 75 per cent relative humidity and in which there are eleven 
base pairs inclined at about 70° to the helix axis in each complete 
turn (28-1 A along the axis) of the double helix of diameter 18 A. 
Details of the structure co-ordinates for this configuration have now 
been published by Langridge et al. (1957). 

(B) is a slightly more extended, paracrystalline structure which is 
formed reversibly from the sodium salt of DNA in form A when more 
water is taken up on increasing the relative humidity to 85-95 per 
cent. In this structure, there are 10 nucleotide base pairs per complete 
turn of the double helix (33-6 A along the helix axis) and the flat base 
rings are disposed perpendicularly to the axis: this means that the 
separation between the base rings along axis direction is 3-3,, A. 
The diameter of the double helix is again 18 A. This configuration, 
which was first observed with the sodium salt, has now also been 
found with the lithium salt (Langridge et a/., 1957). This lithium salt, 
unlike the sodium compound, remains in the B configuration on 
crystallization and allows an independent and more accurate deter- 
mination of the diffraction pattern of DNA in this configuration; 
detailed structure co-ordinates for it have now been published 
(Langridge et al., 1957). 

(C) This form has been observed when the relative humidity above 
the lithium salt of DNA in the B configuration is reduced from 66 per 
cent to 32-44 per cent. The X-ray diffraction data are consistent 
with a model in which the base planes, instead of lying perpendicular 
to the helix axis, are tilted about their diad axes by 6° and are also 
moved parallel to those same axes by 1:75 A; the pitch of the helix 
was different with 9-3 instead of 10 base pairs per turn. This new C 
configuration of the lithium salt of DNA can be obtained, in principle, 
by twisting the B form to give a structure in which the bases are more 
tilted and more closely packed (Marvin eé al., 1958). In building a 
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molecular model of DNA, there is considerable stereochemical 
freedom in arranging the components and there is always a small 
possibility that for any single configuration the agreement between 
observed and calculated diffraction might be fortuitous. The authors 
cited now believe that this uncertainty is much smaller because of 
their ability to follow the transition between the two closely related 
configurations B and C as well as that between A and B. Success in 
building these models to account for the observed diffraction pattern 
also increases confidence in the base-pairing hypothesis of Watson 
and Crick (Marvin and Spencer, 1959). 

Information about the packing of the helices at high humidity 
has also been obtained for the sodium, potassium, rubidium and 
lithium salts and in all these cases the packing is hexagonal with the 
molecules separated by about 27 A between centres, with adjacent 
molecules displaced up and down one-sixth and one-third of the helix 
period relative to one another. Until recently such regular packing 
had only been observed with the form (B) stable at high humidities 
but recently regular packing has been reported by Marvin and 
Spencer (1959) with the configuration (C) which is stable at low 
humidities. In this case there seem to be two possible types of 
molecular packing of the double helices. Two types of side-to-side 
packing of the helices have also been proposed by Klug and Franklin 
(1958) on the basis of some earlier observations of Wyckoff (1955) 
that even layer lines in the diffraction diagrams of stretched fibres of 
DNA in the B form had sharp spots, while the odd layer lines were 
diffuse. They suggested that this means that the double-helical DNA 
molecules interlock externally, the helical chains of one molecule 
fitting on to the deep or shallow groove of an adjacent one, with both 
axes lying parallel. 

From the point of view of the behaviour of solutions of DNA, 
structure B is the more significant, since it is the form in which the 
nucleic acid exists when combined with protein and is also the form 
stable in the presence of a large excess of water. As already indicated 
there is now considerable agreement between the calculated X-ray 
diffraction intensities and those calculated for DNA in this configura- 
tion. However density and water content measurements combined 
with the X-ray diffraction studies suggest an average value of between 
2 and 3 for the number of polynucleotide chains per molecule in the B 
configuration (Wilkins, 1956a, b). Wilkins suggests that this could be 
explained if the DNA fibres contained quite a large fraction (possibly 
half) of non-crystalline amorphous material which could not be 
detected by the X-rays, since these reveal only the ordered parts of 
the molecule. He has also emphasized that the X-ray patterns show 
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that the double helical structure must hold for lengths of at least 20 
turns of the helix, i.e. for a molecular weight of the order of 10°. 
The X-ray evidence cannot tell us whether or not the molecule is 
regular over a greater length and the possibility of occasional breaks 
cannot be excluded, although these are not likely to be as frequent as 
the one at every 20-30 nucleotides that was originally suggested 
(Dekker and Schachman, 1954). The work of Bendich (1957) also 


® 


Cytosine | 
{N)3 


Fig. 1. The hydrogen bonding between the bases cytosine and 
guanine in DNA. ... hydrogen bond. * a possible third hydrogen 
bond (Pauling and Corey, 1956). — points of attachment to de- 
oxyribose residues in the two main chains. ——-+ denote positions 
at which hydrogen bonding of protein chains might occur. 


indicates that some of the molecules in DNA may not have the 
double-helical structure since fractions can be obtained in which the 
usual base ratios are not unity (see below). 

In the original postulate of Watson and Crick, it was proposed that 
the two chains in DNA were linked by hydrogen bonds thus: the 
1:6-N=—=C(NH,)-group of a cytosine ring attached to one helix was 
linked by a pair of hydrogen bonds to the 1:6-NH-CO— group of 
guanine attached to the other helix (Fig. 1); adenine and thymine 
were similarly linked by a pair of hydrogen bonds across their res- 
pective 1:6 positions. This postulate agreed with both the evidence 
from the base composition and from the observed irreversibility in the 
DNA titration curve (Peacocke, 1957). However, this is not the only 
way in which the purine and pyrimidine bases could conceivably 
interact, for Donohue (1956) has shown that there are twenty-four 
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different ways of pairing the four bases of DNA by means of two 
hydrogen bonds linking two bases in the same plane. Some of these 
may be important for the interaction effects observed with synthetic 
polyribonucleotides (see below) but the analytical, titration and X-ray 
evidence still supports firmly the original scheme of Watson and 
Crick. The observation of Levedahl and James (1957) that rotary 
dispersion measurements show no evidence for hydrogen-bonded 
interaction in solution between the individual pairs of nucleosides 
deoxycytidine—-deoxyguanosine and deoxyadenosine-thymidine means 
that it must not be too readily assumed that hydrogen-bonded 
structures which can exist in the helical state can also occur in 
solution and in other structural frameworks. 

In one respect, however, the structure of Watson and Crick may 
need modification for Pauling and Corey (1956) have shown that, 
when the latest information on the dimensions of the bases is utilized, 
a third hydrogen bond is possible. This links the guanine 2-amino- 
group and the cytosine 2-oxo-group (Fig. 1, asterisked bond). The 
presence of this bond is, equally with those previously postulated, 
consistent with the X-ray evidence. It would be consistent with the 
coincidence of the two back-titration curves if rupture of the 1:6 
guanine—cytosine bonds by loss of a proton in alkaline solution also 
led to the rupture of this third bond; in acid solution, it would 
presumably break when the 2-amino group ionized. The shape of the 
titration curves in the acid region and the point at which forward- 
and back-titration curves meet (ca. 2-0 equivalents acid bound/4P 
g-atoms or less) have been regarded (Jordan, 1955a; Cox and Peacocke, 
1956a; Jordan, Mathiesen and Matty, 1956) as consistent with the 
absence of a hydrogen bond on the guanine 2-amino-group; however 
the question cannot be settled on this basis alone. Consistency would 
be achieved, if, as must also be postulated for the alkaline region, this 
third bond were unstable and broke down when ionization of the 
cytosine 1:6-N—=C(NH,) system and loss of the 1:6 hydrogen bonds 
had been attained at ca. pH 4-5, a pH higher than that required to 
ionize the guanine 2-amino group. 

It has become customary to speak of the ionization of the 6-amino- 
groups of adenine and cytosine when referring to the addition of a 
proton to these ring systems with pK; of about 3-5—4-0 and 4-6-5-1, 
respectively. It is certainly true that dissociations of these pK; 
values were only observed on the purine and pyrimidine rings after 
substitution of an amino-group at the 6-position. However the phrase 
just quoted, although convenient, may lead to misunderstanding if it 
is assumed to mean that the proton is added so as to change the 
—NH, group at the 6-position into —NH,°. Many authors have used 
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such shorthand descriptions including the present writer in recent 
publications (Cox and Peacocke, 1957a, 1958b). However, one must 
not be misled by this convenient usage for it has been clear, ever since 
the X-ray investigations of Cochran (1951) on adenine hydrochloride 
that the protonic charge must be distributed between the N,, atom 
of the 6-amino-group, the ring nitrogen atoms at the adjacent N, 
position and the more remote N, position also, in the case of the 
purine ring. This must be even more certainly the case for aqueous 
solutions as has been pointed out by various authors (Jordan, 1952, 
1955b; Peacocke, 1955b, 1957) and has recently been emphasized again 
by Zubay (1958a). However it still leads to some misunderstanding 
for detailed mechanisms of the rupture of the 1:6 hydrogen bonds on 
addition of a proton have been proposed assuming that the proton 
may be located on the N,, of the 6-amino-group (Cavalieri and 
Rosenberg, 1956) and this can be very misleading. It would be more 
accurate to speak of the ionization of the 1:6-N—=-C(NH,)—’” system 
or of the ‘‘1:6-amidine”’ system, since the amidines, HN=—C(NH,)R, 
can themselves be protonated, the charge being partly located on the 
imino group. 

The dissociation of the 1:6-NH—CO— systems does not present 
the same problem since it is clear that removal of the proton must 
lead to rupture of the hydrogen bond which linked the N, of guanine 
(or thymine) with the N, of cytosine (or adenine, respectively). 
After ionization the charge will reside not only on the nitrogen atom 
—N—CO— but also partly on the oxygen atom, ain 

(1) (6) 

This group is sometimes called a ‘‘6-keto”’ group but it would now be 
more accurately described as a 6-oxo group. 

Support for the existence of the double-helical structure in aqueous 
solution has been obtained not only from the analytical evidence 
(Chargaff, 1955) and titration behaviour (Jordan, 1955; Peacocke, 
1957) but also from degradation studies which have indicated that in 
order to cause breakage of the DNA molecule into fragments of 
smaller molecular weight two internucleotide bonds must be broken 
independently (see II, 3, below). Earlier evidence, which can now be 
interpreted as showing that the double-helical structure persists in 
aqueous solutions of DNA, was the observation of Riley and Oster 
(1951) that the X-ray scattering of concentrated DNA gels in water 
showed, amongst other spacings, the 3-3 A which is characteristic 
of the double-helical structure in the fibrous state. Moreover, the 
irreversible changes which occur in the properties of DNA solutions 
on heating (“denaturation”) have generally been explained as the 
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result of breakdown of an ordered structure held together by a large 
number of weak bonds. This still appears to be the major factor in 
denaturation (see II, 4 below) and thus accords with the existence of 
the double helices in solution. However, it has recently been proposed 
(Sturtevant et al., 1958) that other forces are equally, or more, 
important in holding the helices together. These forces could arise 
from differential solvation effects and electrostatic forces and support 
for this view has been found by these authors in the small effect of 
agents which break hydrogen bonds (urea, guanidinium chloride) on the 
heat of denaturation of DNA; in the ability to denature DNA of 
solvents (methanol, ethanol, dimethylformamide etc.), which do not 
notably disrupt hydrogen-bonded aggregates; and on the shift 
to lower frequencies of the 1600 em~! bond when DNA is denatured 
(Blout and Lenormant, 1955). The hydrogen atoms in DNA are 
rapidly replaced by deuterium when D,O is substituted for water as 
solvent (Sutherland, 1958; Blout and Lenormant, 1955) and, if the 
same assumption applies as appears to be true for collagen (Bradbury 
et al., 1958), this would mean that the inter-chain hydrogen bonds in 
DNA are much weaker than previously supposed and also indicate 
that other stabilizing forces are involved (Rice and Geiduschek, 1958). 
However, the lability of the hydrogen bonds in polyribonucleotide 
complexes has recently been inferred from the reversibility and 
completeness of the reaction in which they are formed (Felsenfeld, 
1958). This could account for the high rate of deuteration of DNA but 
does not necessarily imply only a small contribution of the hydrogen 
bonds to the stability of these complexes, where indeed they seem to 
be essential. Thus the interpretation of the deuteration studies is far 
from clear. 


2. Heterogeneity 

The DNA preparations from several sources have now been shown to 
consist of a mixture of molecules of various molecular weights so that 
the values quoted previously can only be regarded as averages. This 
heterogeneity with respect to molecular weight had earlier been 
suspected from the shape of the light scattering envelope (Reichman 
et al., 1954) but has now been substantiated by sedimentation studies 
at low concentrations (Butler and Shooter, 1958), by direct observa- 
tion in the electron microscope, where the DNA molecules are revealed 
as long thread-like structure of different lengths (see review of Shooter, 
1957) and by fractional precipitation with ethanol (Mathieson and 
Porter, 1958b). The light scattering evidence had suggested that the 
distribution of molecular weights in isolated DNA was approximately 
random, i.e. exponential, with a ratio of weight (M,,) to number 
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average (./,,) molecular weight of 2, and this is substantiated both by 
the study of the degradation in solution of herring-sperm DNA by 
y-rays (Peacocke and Preston, 1958), as described below (II, 3), and 
by a careful consideration of the interpretation of the light scattering 
results (Doty, 1957). On the basis of the distributions of sedimenta- 
tion constants (Sy) obtained by analysis of the ultra-violet absorption 
of boundaries during ultracentrifugation, and by taking the molecular 
weight to be (S,/11-8)%, as deduced from the median S,, Butler et al. 
(1959) have been able to measure the polydispersity more directly 
than by other methods. The ratios of weight to number average 
molecular weights were found to be close to 2, with a variation of 
about 15 per cent. However, Schachman (1957a) has obtained a value 
of 3 for this ratio deriving the distribution from sedimentation 
curves by a similar method and has noted considerable differences 
between the type of distribution of S, for thymus and T4r bacterio- 
phage DNA; he has moreover obtained indications, from sedimenta- 
tion of DNA in a sucrose gradient, that heterogeneity of shape, as 
well as of molecular weight, may have to be taken into account. 
Direct counting of the numbers of molecules of given lengths by means 
of electron micrographs yield a value for the ratio of weight to number 
average molecular weight of the order of 1-7, though shearing of the 
molecules during preparation for the electron microscope cannot be 
excluded (Stacey, 1959; Birbeck and Stacey, 1959). 

It is not known whether this heterogeneity of size is the result of 
random degradation, for example by enzymes, during isolation of a 
DNA which was originally homogeneous or whether the DNA in the 
cells is itself heterogeneous. In the cases of certain bacteriophage 
DNA, where the likelihood of breakdown during extraction is less, 
some preparations have been shown to be less heterogeneous and of 
larger molecular weight than DNA from the commoner sources, such 
as calf thymus (Schachman, 1957; Barbu et al., 1958; Meselson et al., 
1957). By an independent and ingenious technique based on direct 
counting of the radioactive atoms in **P-labelled phage DNA, Levin- 
thal (1956) and Levinthal and Thomas (1957) have shown that the 
DNA in the T2 bacteriophage which attacks £. coli consists of one 
large piece, of molecular weight about 45 x 10°, and of much 
smaller pieces. These observations, which are not entirely con- 
sistent with the sedimentation distributions (Butler and Shooter, 
1958), suggest that in vivo DNA may be both more homogeneous 
with respect to size and larger than most present preparations 
indicate. 

The heterogeneity of DNA is apparently not confined to its mole- 
cular weight. In recent years several authors have shown that it is 
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possible to separate the DNA from calf thymus, Z. coli, human white 
blood cells and from T2r bacteriophage into various fractions of 
different average base ratios (Brown and Watson, 1953; Chargaff 
et al., 1953; Lucy and Butler, 1954, 1955; Brown and Martin, 1955; 
Bendich et al., 1955). Thus in one experiment Chargaff et al. (op. cit.) 
obtained seven fractions varying in ratio of (adenine + thymine) to 
(guanine + cytosine) from 0-99 to 1-79, but in each individual 
fraction the equality of adenine to thymine and of guanine to cytosine 
was approximately maintained, as for the whole sample. There is 
some evidence that the anion exchange column used by Bendich et al. 
fractionates the DNA not only by virtue of composition but also by 
size and shape (Rosoff ef al., 1957; Bendich et al., 1958), although 
this does not appear to be so with some other columns. The most 
likely explanation of these observations is that the present prepara- 
tions of DNA contain molecules of the double-helical type but 
differing individually in the proportions of the different bases in each 
of them. However, Bendich (1957) has reported that deviations from 
unity of up to 15 per cent occur in the adenine/thymine and guanine/ 
cytosine ratios for individual fractions of thymus DNA, as obtained 
with his anion exchange system, and considers that in an average 
molecule containing 20,000 nucleotides several hundred bases may not 
have complementary bases in the other chain. 

Studies with bacteriophage DNA have been taken to a further 
stage, for Brown and Martin (1955) have been able to demonstrate 
that the DNA from T2r bacteriophage consists of two distinct fractions: 
A, which contains 30 per cent of the nucleotides and with an average 
value for (adenine + thymine) to (guanine + 5-hydroxymethyl] cyto- 
sine) of 1-9 and B, which contains 70 per cent of the nucleotides and 
with an average value for this ratio of 2-1. Subsequently A has been 
shown to have a lower glucose content than B and experiments with 
labelled bacteriophage (Simons and Brown, 1957) have shown that A, 
which still consists of molecules of a range of composition, is the 
“large piece” of Levinthal and Thomas (op. cit.). This is the first 
example of the association of a group of these fractions with a parti- 
cular biological activity, for the experiments of Levinthal and 
Thomas had already indicated that it was this “large piece’? which 
acted as the progenitor of DNA in subsequent generations of the 
bacteriophage and was the physical structure containing the genetic 
“information” of the phage. Since A is itself a mixture of sub-fractions 
of varying composition, though over a narrower range than the total 
bacteriophage DNA, it appears inthis case also that molecules of 
individually different base ratios, and therefore sequences, are 
present. 
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3. Degradation by Ionizing Radiation 


The breakdown of DNA by ionizing radiation is clearly of considerable 
radiobiological interest and continues to receive attention as new 
techniques become available which make it possible to interpret the 
changes more precisely in terms of the original helical structure. 
Since the previous reviews in this series (Davison, Conway and Butler, 
1954; Shooter, 1957), further surveys of the field have been made by 
Butler (1958) and by Alexander and Stacey (1958). The present 
article will confine itself to the more recent observations and dis- 
cussions. 

Although much of the investigations in this field have been made 
using dilute aqueous solutions of DNA, when the indirect effects 
mediated through the free radicals from the water are responsible 
for the breakdown of the macromolecule, it has been argued that, 
under the conditions of the cell nuclei, where the DNA concentration 
is high and the nucleoprotein may not even be in true solution, direct 
action would be expected to be much more important (Alexander, 
1957). This view was supported by the earlier observations of Lea 
et al. (1944) that the biological activity of virus nucleoprotein was 
much more sensitive to direct than to indirect action. Moreover, 
although the doses required to produce a given effect in the solid are 
much greater than those required in solutions, when the comparison 
was made on the basis of the total number of calculated ionizations 
in the volume containing one DNA molecule, the efficiency of pro- 
duction of a given change was probably less in the solutions. Butler 
et al. (1958) have now shown that over the concentration range 
1-100 per cent an ionization occurring in the water was as effective 
as one within the DNA molecule. Thus the effectiveness of direct 
and indirect actions were identical. Nevertheless, it may still be true 
that direct action on the DNA is more important when living organ- 
isms are irradiated since the free radicals (H+, OH* and O,-, in the 
presence of oxygen) which are operative in indirect action are readily 
removed by reaction with a variety of compounds, many of which 
exist within the liquid phase of the living cell. 

In their experiments, Butler e¢ al. (1958) found that the number of 
ionizations per DNA molecule required to effect a standard change in 
viscosity increased below DNA concentrations of 1 per cent. This 
was regarded as the concentration below which free radicals had a 
detectable chance of reacting with each other before encountering a 
molecule of DNA and from this it was estimated that the range of 
migration of radicals without such recombination was of the order of 
100 A. Presumably this distance would be reduced in vivo if free 
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radicals are in fact captured by molecules present in solution as well 
as by other radicals. 

It should be emphasized that, once the ionization or radical attack 
has occurred on the DNA molecule, there seems to be no fundamental 
difference between direct and indirect action in subsequent stages. 
The indirect action, inthe absence of oxygen, produces a radical by 
abstraction of a hydrogen atom, which is also the effect of direct 
ionization, when loss of an electron is shortly followed by loss of a 
hydrogen ion. The actual points of attack and the order and nature 
of the bonds subsequently broken are still obscure as is the chemical 
basis of the after-effect, although fruitful proposals about the latter 
have been made (Daniels et a/., 1957) in terms of a slow decomposition 
of pyrimidine hydroxyperoxides. These authors have proposed that 
the breakage of the sugar—phosphate linkages occurs as the result of 
oxidative attacks by radicals on the sugar rings, not by direct attack 
on the phosphate bond, and this has been supported by experiments 
with model phosphate esters (Weiss, 1958). These latter experiments 
show that the phosphate—sugar bonds are either broken immediately 
with the attack on the sugar ring or, in some instances, that this bond 
can be labilized by introduction of an activating carbonyl group. 
Weiss (1958) has also shown that attack of the free radical on the base 
rings of DNA is important since at least two peroxidic functions associ- 
ated with the pyrimidine bases have been detected. The yield for 
these peroxidic compounds corresponds to a G value of approximately 
one molecule per 100 eV, which is a substantial fraction of the available 
hydroxyl radicals, although it is not yet clear to what extent 
such changes in the base rings can lead to breakage of the main 
chain. 

One of the interesting and unusual features of the degradation of 
DNA is the necessity of producing two breaks in each polynucleotide 
helix in order to cause the molecule to split up into two smaller 
fragments. This affects greatly the kinetics of the process whether 
the degradation results from enzyme action, acid hydrolysis or ionizing 
radiation. In the latter instance, the evidence that two independent 
breaks were needed when DNA was irradiated was somewhat cir- 
cumstantial. Firstly, the rate of decrease of the logarithm of the 
intrinsic viscosity when plotted against the logarithm of the y- 
radiation dosage to DNA in solution had been shown to be too steep 
to be accounted for in terms of the rupture of a single stranded 
structure, for which every break would cause a decrease in molecular 
weight and intrinsic viscosity (Cox et al., 1955, 1958). Secondly, 
irradiation of DNA by y-rays and 1-2 MeV electrons in the solid 
state caused a fall in molecular weight which was apparently 
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enhanced in the presence of urea (Alexander and Stacey, 1956). 
Although the evidence on the mode of action of urea is confusing it is 
clear that this substance can reduce the stability of the double-helical 
structure since it causes a reduction in the critical temperature at 
which heat denaturation occurs with detectable speed (Rice and Doty, 
1957). The effect of urea on the molecular weight decrease caused by 
irradiation therefore suggested the presence of breaks in the poly- 
nucleotide chains which had not, in the absence of urea, caused actual 
fragmentation of the DNA. 

More direct evidence for the necessity of a double break in order to 
cause a decrease in molecular weight has now been obtained from a 
study of the relation between this quantity and y-ray dosage during 
the irradiation of herring sperm DNA in solution (Peacocke and Pres- 
ton, 1958, 1959). It was observed that the number of scissions which 
led to a decrease in molecular weight, and which was expressed as 
the reciprocal of the light scattering molecular weight (.M,), was a 
linear function of the square of the radiation dosage over the whole 
range of dosage (#). Whatever the original molecular weight dis- 
tribution at high enough dosages the distribution must have become 
random for a random process (Charlesby, 1954), so that M,/M, = 
constant (if M, = M,,, M,/M, = 2). Thus in this higher range of 
R, Mj! should have been a linear function of the probability of 
occurrence of the process causing fragmentation and the relation 
observed therefore showed this probability was proportional to R?. 
This supports a “two-hit’’ mechanism since the number of radicals 
available to react with the DNA was proportional to dosage, at the 
DNA concentrations employed. Furthermore, the observation that 
this linear relation between M,~—! and R* extended over the whole 
range of Rk down to R = 0 indicated that the molecular weight 
distribution was not changing appreciably and must therefore have 
been random initially, as well as after irradiation. (This now justifies 
the identification of My, with the weight average, /,,). 

On the, probably oversimplifying, assumption that the number of 
double breaks causing fragmentation was simply due to the statistical 
chance of two single breaks occurring opposite to each other, the 
relation between the number of single breaks (f) and M;, was deduced. 
A plot of f against R was linear and the slope yielded a value of 22 eV 
for the energy required to cause a single break in the polynucleotide 
chain. This is equivalent to a G value of 4-6 per 100 eV for poly- 
nucleotide chain rupture which may be compared with the @ value of 
1-6 for rupture of the carbon-carbon bonds in polymethylmethacry- 
late (Alexander et al., 1954). 

The linear relation between the number of single breaks in the 
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polynucleotide chains and dosage has been directly confirmed in 
observations reported by Weiss (1958). Treatment of irradiated 
DNA with phospho-monoesterase should yield a free phosphate anion 
from every chain end possessing a monoesterified phosphoric acid 
residue, whether or not this group occurred at an actual double end 
of the twin strand. The inorganic phosphate that could be released 
in this way from irradiated DNA was proportional to the dosage of 
radiation to which it has been submitted and the slope of this line 
gave a value of G of about 0-4 for production of singly esterified phos- 
phate end groups. This is less than the value of G = 4-6 deduced from 
the molecular weight changes, but both calculations involve certain 
assumptions. Thus G would be calculated to be less than 4-6 from 
the molecular weight measurements if the number of single breaks 
(f) at a given R had been overestimated. The error is likely to be in 
this direction since the calculated number of single breaks required 
to cause a given number of double breaks is less if the single breaks 
need not be exactly opposite to each other. The G value (0-4) for phos- 
phoryl end group production could also be lower than that for actual 
breakage if: (a) not all scissions of the polynucleotide chain necessarily 
left free phosphoryl! end groups (this could be the case if attack on the 
sugar ring caused rupture of the C’,—C”, linkage); and if (b) the phos- 
phomonoesterase was not quantitatively releasing all the phosphate 
from monoesterified residues. Thus it seems that the G values of 4-6 
and 0-4 for polynucleotide chain breakage during indirect action of 
ionizing radiation on DNA in solution represent upper and lower 
limits for this quantity. 

The direct effects of ionizing irradiation of DNA in the solid state 
(in the presence of the moisture which always constitutes 10-30 per 
cent by weight of the fibres) have been studied by Alexander and 
Stacey (1956, 1958). High-energy electrons (f-rays) cause “hidden” 
single breaks, as well as double breaks, these latter requiring the 
supply of 150 eV of energy (Stacey, 1959). This is a greater efficiency 
than was obtained in the indirect effects, e.g. compare the variable 
energies of a few hundred to several thousand eV per double break 
deduced for y-irradiation of DNA in solution (Peacocke and Preston, 
1958). Moreover, this energy per double break appeared to be constant 
in the case of irradiation by «- and y-rays of herring sperm DNA, 
in the solid state (and in the presence of 15 per cent water and 35 per 
cent salt), since a plot of the number of double breaks against dosage 
was approximately linear (Fig. 2; Alexander, Goldberg, Lett and 
Stacey, 1958). This is different from indirect action in which the 
number of double breaks is proportional to R? and it is the number of 
single breaks which is proportional to Rk. The reasons for this difference 


VOL 
le 
19€ 


The Structure and Physical Chemistry of Nucleic Acids and Nucleoproteins 69 


are not entirely clear since not all the types of irradiation applied to 
solid DNA were so densely ionizing that only double breaks were 
produced. However, recent observations (Stacey, 1959) show that 
whether or not cross-linking occurs may depend on the humidity and 
salt content (see below), so that the situation may be more complex 
than is suggested by the results shown in Fig. 2. Perhaps the observa- 
tions could be explained if the passage of each ionizing particle or 
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Fig. 2. Number of double breaks in DNA irradiated in the dry 
state by: O a-rays, x y-rays. (Alexander and Stacey, 1958b.) 


quantum through the solid DNA produced directly both double and 


single breaks, with chance conjunctions of the latter producing 
additional double breaks. This would be consistent with the observa- 
tion that the more densely ionizing «-particles from polonium-210 
are less effective than sparsely ionizing «-particles since 220 eV of 
the former are required per number-average double break (Stacey, 
1959), compared with about 100eV of the latter (Alexander and 
Stacey, 1958b). Moreover the polonium-210 «-particles are very much 
less efficient at producing single breaks (Alexander and Stacey, 1958b) 
and both of these observations are in marked contrast to the increase 
of efficiency in producing biological effects with increasing density of 
ionization. It is also interesting to note that unlike most biological 
effects the degree of degradation by «-, f- and y-rays in the direct 
action on the solid is independent of the presence of oxygen (Alexander 
and Stacey, 1958b). This also contrasts with the extent of indirect 
action during actual irradiation which depends greatly on the presence 
of oxygen, although when the further changes occurring during the 
“after effect”? are added on, the total change, at least in viscosity, is 
relatively independent of the gas (Daniels et al., 1957). 

Another feature of direct action of ionizing radiations on the solid 
is that, at the larger dosages, cross-linking between DNA molecules 
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occurs as well as degradation (Alexander and Stacey, 1958b; Stacey, 
1959). This has been observed when the nuclei of herring sperm are 
irradiated by «-, B- or X-rays and appears to involve covalent cross- 
linking between DNA molecules, but not between protein, and thus 
provides an interesting parallel to the action of radiomimetic sub- 
stances (Alexander and Stacey, 1958a). Such cross-linking would 
explain the earlier observations of a rise in molecular weight at higher 
dosages (Alexander and Stacey, 1956) and the tendency of solid DNA 
to form gels in solution after extensive irradiation (Setlow and Doyle, 
1954). 

The observation (Cox e¢ al., 1955, 1958; Peacocke, 1955a) that, along 
with the main-chain degradation of DNA by y-rays, there occurs a 
breakdown of the hydrogen bonding joining the two helices has now 
been re-examined and confirmed (Peacocke and Preston, 1958, 1959). 
One feature of the earlier observations was that the displacement of the 
titration curves at 25°C after y-irradiation was not symmetrical and 
this suggested that the hydrogen bonds linking adenine and thymine 
were broken more readily than those linking guanine and cytosine. 
However, this could not be deduced conclusively since there were 
possible complicating effects of main chain breaks on the process of 
acid denaturation utilized in titration studies to measure residual 
hydrogen bonding (Cox and Peacocke, 1956b). This problem was 
therefore re-examined by making use of the reversibility of the 
titration curves at —0-7°C of the intact double-helical structure, of 
the denatured molecule and of mixtures of the two species. Under 
these conditions any possible complications of main chain breaks were 
avoided and it was found that the extent of denaturation (= 6 = frac- 
tion of titratable groups in non-helical regions), deduced from these 
reversible low temperature titrations agreed with those obtained at 
25°C. These observations therefore appear to confirm independently 
the previous conclusion concerning the readier breakdown of the 
adenine-thymine cross-linkages. Extension of these observations to 
more irradiated samples has now shown that log, (1 — #) is a de- 
creasing linear function of dosage with a slope of —0-76, where 
(1 — #) here represents the surviving fraction of hydrogen-bonded 
groups (Fig. 3; Peacocke and Preston, 1959). From this slope, it may 
be deduced that initially (when R = 0, 6 = 0) 100 eV of y-irradiation 
broke the hydrogen bond linkages between 38 complementary base 
pairs of the original intact DNA. In this work it was concluded that 
the same amount of radiation ruptured 4-6(2h + 1)~'” internucleotide 
linkages so that 8(2h + 1)? base pairs linked by hydrogen bonds 
were severed for each broken internucleotide bond. Here A represents 
the separation, along the axis direction and in terms of nucleotide 
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positions, between the single breaks in the two helical chains. If 
h = 0, as for exactly opposite breaks, this quantity is 8, but if 
h = 4, as seems possible, then it may be as high as about 24. (Strictly 
speaking, the “breakage” which is observed by the titration method is 
that event which causes a permanent change from an irreversible to a 
reversible dissociation curve at 25° but, from all the evidence on heat 
and acid denaturation, this is concomitant with disorganization of the 
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Fig. 3. Rupture of the specific cross-linking hydrogen bonds of 
DNA in aqueous solutions by y-irradiation (Peacocke and Pres- 
ton, 1959). Ordinate: log, (1 — £), where = fraction of hydro- 
gen bonds broken, as determined by titration. Abscissa: R = 
radiation dosage in eV/atom of nucleate phosphorus. 


double-helical structure). This figure of 8 base pairs separated per 
internucleotide bond broken does not necessarily mean that the 
rupture of these covalent bonds causes the breakdown of the hydrogen 
bonds cross-linking these base pairs. The most likely explanation 
seems to be that the same event (attack by a high energy radical on 
the main chain) causes both of these effects—namely, breakage 
of a main chain link and separation of 8 adjacent base pairs, thus 
disordering the double helix over a region of about 4 base pairs on 
each side of the main chain scission. The reason why the comple- 
mentary hydrogen bonds decrease logarithmically with R whereas 
the main chain linkages decrease linearly arises from the size of the 
above ratio of 8. Tracts devoid of hydrogen bonds soon make 
up a significant part of each DNA molecule so that efficiency of 
hydrogen bond rupture falls off with increasing R at a stage when the 
total number of internucleotide bonds has been scarcely affected. 
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It has frequently been observed that the sensitivity with respect to 
mutations and chromosome damage of the cell nucleus is very much 
greater than would have been expected from the sensitivity of nucleic 
acids to radiation in vitro. However, the foregoing shows that for 
hydrogen bond rupture the G@ value for intact DNA is exceptionally 
high (38) and this could well be important biologically since the 
minimum loci of genetic mutations probably cover only a few base 
pairs within the chromosomal DNA (Benzer, 1955, 1957). The loss 
of biological activity, in this case bacterial transforming activity, 
which accompanies degradation by ionizing radiation has been 
examined by several authors (Marmur and Fluke, 1955; Guild and 
Defillipes, 1957; Ephrussi-Taylor and Latarjet, 1955) who give 
estimates of 3 x 10° to 1-2 x 10® for the ‘minimum piece”’ of DNA 
which must remain intact to allow transforming activity to be trans- 
ferred. However, there is much divergence between individual 
investigations, possibly because of the presence of traces of protective 
agents (Alexander and Stacey, 1958b). 

Similar results have been obtained in a study (Litt et al., 1958) 
of the DNA from Diplococcus pnewmoniae which had transforming 
activity with respect to resistance to streptomycin, erythromycin and 
micrococcin and had been degraded to various extents by sonic waves. 
The logarithm of this activity was directly proportional to the fraction 
of bonds broken, which in this case occurred at opposite points along 
the main chains without any disturbance of the remainder of the 
paired strands. Evidence that this was in fact the mechanism of 
degradation was based on earlier observations that when DNA was 
irradiated with ultrasonic (Laland et al., 1954) or sonic waves (Gold- 
stein and Stern, 1950; Peacocke and Schachman, 1954) there was 
initially a steep decrease in viscosity, denoting degradation, but no 
concomitant change in ultra-violet absorption, denoting no change in 
the hydrogen bonding between the two helices. Doty et al. (1958) 
were able to elucidate both these observations by showing that the 
molecular weight of thymus DNA decreased with sonic irradiation, 
that the critical heat denaturation temperature was not significantly 
altered and that electron micrographs (Hall and Doty, quoted by 
Doty et al., 1958) indicated degradation with no denaturation. 
Analysis of the sonic degradation curves of the transforming principle 
DNA by Litt et al. (1958) led to a value of one million for the critical 
molecular weight of DNA for transmission of resistance to the three 
antibacterial substances. This value may have represented either 
the minimum size required for effective attachment to a bacterial 
site or a combination of this and the minimum size required for genetic 
incorporation following penetration into the cell. In either case this 
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amount of DNA appears to be far greater than the minimum length 
of the molecule which Benzer (1955, 1957) deduced must be altered in 
any mutation that gives rise to a genetically distinguishable strain of 
bacteriophage. 


4, Denaturation 


When DNA in solution is subjected to elevated temperatures, to 
extremes of pH or to very low ionic strengths changes occur in its 
hydrodynamic properties, its ultra-violet absorption, optical rotation 
and radius of gyration, and the titration anomaly disappears. These 
changes are usually irreversible, and when this is so the phenomenon 
is called ‘‘denaturation”’, by analogy with proteins, and, in many 
cases, it has been shown that there is a loss of secondary structure, i.e. 
of inter-chain hydrogen bonds, with no change of molecular weight. 
The term is sometimes employed (Sturtevant ef a/., 1958) to mean any 
process in which this secondary structure of DNA changes from its 
original state, with no change in molecular weight, and is allowed to 
include both reversible and irreversible changes. This usage is distinct 
from that which takes ‘denaturation’ to mean a permanent and irre- 
versible loss of an ordered structure. Since the only criterion of 
“denaturation” is a change in shape, this usage of Sturtevant et al. has 
the disadvantage that it does not distinguish clearly between an initial 
reversible change in shape and any subsequent stages in which perma- 
nent disordering has occurred. Whereas the latter change may well be 
regarded as a co-operative process requiring the simultaneous rupture 
of a large number of weak bonds, and thus exhibiting both a high heat 
and a high positive entropy of activation, this does not necessarily 
apply to the reversible changes in shape. Thus it seems to the present 
writer that the use of ‘‘denaturation” to mean a change in shape of 
DNA, with no change in molecular weight, is undesirable since it leads 
to unnecessary confusion concerning the “‘mechanism of denaturation” 
the activation step in denaturation, etc. and this has been apparent in 
recent discussions of this subject even when the authors have attemp- 
ted to make their usage clear (Sturtevant et al., 1958; Cox and 
Peacocke, 1958b). In the following, “‘denaturation”’ will be taken to 
mean a change in the secondary structure of DNA which is permanent, 
in the sense of irreversible on the usual time scale of experimental 
studies, and in which the molecular weight is unchanged. The criteria 
of the irreversible breakdown of the secondary structure seem to be 
generally agreed and have been indicated in the opening sentence 
of this section. However, difficulties arise when attempts are made to 
elucidate the denaturation process and these include the following. 

(i) Agents which break down the secondary structure of DNA may 
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also cause a decrease of molecular weight by rupturing the main chain 
phosphoester linkages or even the bonds joining sugar and base 
moieties. With such a large molecule as DNA only a very small 
absolute frequency of (double) fractures of the main chain can cause 
large changes in molecular weight and these changes often mask those 
resulting from a relatively much more extensive breakdown of the 
secondary structure. Thus heating of DNA solutions in the absence 
of salt at 100°C for only 15 min causes degradation as well as loss of 
secondary structure (Schachman, 1957a; Pouyet and Weill, 1957 

and even in the presence of salt (>0-1 M), when degradation seems 
to occur less readily, a reduction to about half the original molecular 
weight occurs with 2 hr heating at either 94° or 100° (Rice and Doty, 
1957), or at 85° (Hermans and Freund, 1958). However during the 
early stages of the heating process, i.e. the first 30 min at temperatures 
above 85°, there was no change in molecular weight, as measured by 
light scattering, over a period in which there was an irreversible 
decrease in both the viscosity and in the radius of gyration and an irre- 
versible increase in the ultra-violet absorption (Pouyet and Weill, 1957; 
Overend and Wilson, 1959). A fast denaturation process appears to be 
followed by or even to be concomitant with a slow degradation and 
these two effects are more readily separated the lower the temperature. 
Similarly, when acid is added to DNA solutions to pH 2-6 at 25°, 
and is followed almost immediately by re-neutralization, there is a 
collapse of the secondary structure with no change of molecular 
weight: but chemical degradation can nevertheless be detected with 
any lengthy exposure of DNA to pH 2-6 and this increases rapidly 
when the pH is lowered further (Geiduschek, 1958; Rice and Doty, 
1957, and references in Shooter, 1957). 

(ii) For DNA of molecular weight greater than about 5 x 108, 
it has been argued that the light scattering method underestimates the 
molecular weight (Laurence, 1958; Butler et al., 1959). Combination 
of sedimentation and viscosity results and the use of the equation of 
Scheraga and Mandelkern (1953) yielded values for the molecular 
weights (M, .) of DNA which were initially higher than those deduced 
from light scattering (.7,) and, for a series of irradiated DNA, 
decreased before any change was recorded in M,. These results 
may be compared with the observation that on heating DNA solutions 
at 100° for 15 min in the presence of salt, the intrinsic viscosity and 
the radius of gyration decreased, the sedimentation rate showed little, 
if any, decrease, while M,, remained unaltered (e.g. Sturtevant et al., 
1958; Schachman, 1957); similar results have been obtained on acid 
treatment at pH 2-6 (refs. above) and, more recently, on alkaline 
treatment at pH 12-1 (Ehrlich and Doty, 1958). It is interesting 
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to note that it was partly by reason of a similar set of sedimentation 
and viscosity observations that Dekker and Schachman (1954) 
originally made their proposal of an interrupted structure for DNA, 
arguing that heating had decreased the molecular weight under 
non-degradative conditions. Quite apart from any theoretical 
considerations, such observations are very puzzling, for the drop 
in intrinsic viscosity and radius of gyration, together with all the 
evidence for a loss of secondary structure, clearly indicate a collapse 
of the whole structure. This necessitates a decrease in frictional 
ratio and thus would lead one to expect an increase in the sedi- 
mentation rate, if the molecular weight is unchanged. In fact 
the sedimentation rate hardly alters, except in those cases where 
aggregation can be shown to have occurred, usually when more 
concentrated solutions are heated (Shooter, Pain and Butler, 1956; 
Shooter, 1958), and this has been interpreted by Butler et al. (1959) 
to mean that ./,, may be in error. These authors therefore rely on 
M,,, for signs of degradation, at least for molecular weights greater 
than 5 million. Moreover, theoretical reasons have been adduced 
for the unreliability of WM, for rods and for random coils with large 
statistical elements (~2000 A) (Laurence, 1958; Butler et al., 1959). 
However the validity of these arguments have been questioned by 
Rice and Geiduschek (1959) who regard it as impossible to test 
simultaneously a molecular model and size parameters and show that, 
if another model for DNA is chosen, that of the continuous worm-like 
chain, the usual Zimm method gives a value of M,, which, if anything, 
is up to 15 per cent greater than the true molecular weight. They 
conclude that the molecular weight is correctly estimated by the light 
scattering method and remains constant under the appropriate 
conditions of thermal and acid denaturation. Correspondingly, these 
authors question the validity of the calculation of molecular weights 
by the Scheraga-Mandelkern equation in the case of DNA, since a 
series of sonically degraded, homologous DNA preparations (Doty, 
McGill and Rice, 1958) reveal variation in the supposed constant of 
this equation. They therefore regard this equation as inapplicable to 
DNA, but at the same time recognize the anomaly involved in taking 
the molecular weight as unchanged when the intrinsic viscosity has 
fallen because of denaturation, and the sedimentation rate has not 
altered. The complexity of the situation is even greater when the 
polydispersity of DNA is taken into account. However, since there is 
increasing evidence (see above) that the ratio of weight to number 
average molecular weight is 2, indicating a random distribution, it 
may eventually be possible to allow for this variable. Moreover 
Ehrlich and Doty (1958) have reported that alkaline denaturation 
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does not alter the distribution of sedimentation constants (observa- 
tions of J. Eigner). At the present stage, the results of the discussion 
are inconclusive and it is to be hoped that the use of some independent 
technique, such as electron microscopy, may eventually settle some 
of these questions by directly measuring the molecular weights of 
denatured DNA. 

In view of the situation outlined in (i) and (ii), it is not surprising 
that there has been disagreement as to whether or not certain treat- 
ments which cause a breakdown of the hydrogen bonding and loss of 
the double-helical form also bring about a separation of the two 
original polynucleotide chains. The observations already mentioned 
which show no change in molecular weight on heating and on acidifica- 
tion are inconsistent with some earlier ones (Alexander and Stacey, 
1955) which suggested that acid treatment to pH 2-2 or exposure to 
4M urea at room temperature both bring about a separation of the 
two strands, the molecular weight apparently falling to one half of its 
original value. The effect of acid on molecular weight may be explained 
in terms of degradation (Thomas and Doty, 1956; Rice and Doty, 
1957) and the effect of urea now appears to be a more complex 
phenomenon that at first realised (Alexander and Stacey, 1955, 1957), 
although, in concentrated solution, it does cause a partial collapse of 
the original structure (Mathieson and Porter, 1958a). 

Meselson and Stahl (1958) have recently obtained evidence by an 
interesting new technique that the chains of HZ. coli DNA do in fact 
separate when the DNA is heated in solution. By ultra-centrifuging 
DNA in concentrated caesium chloride, DNA molecules of different 
density may be distinguished by the position they occupy at equili- 
brium in the resulting density gradient of the caesium chloride. 
Density differences between different DNA molecules result from 
either changes in effective molecular volume for a given molecular 
weight or from the substitution of the usual nitrogen (4N) atoms by 
the heavy nitrogen isotope, ©N. DNA molecules of a given density 
are distributed at the appropriate position over a band, which is 
detected by its ultra-violet absorption, and whose width is inversely 
related to its molecular weight, since diffusion rate controls the width 
in opposition to the concentrating effect of the centrifugal field. 
Thus an estimate may be made of gross changes in molecular weight 
as well as in density. By growing £. coli in media containing sources 
of only 15N or 44N, uniformly labelled DNA may be obtained. When 
the bacterial lysates containing this DNA were heated at 100° for 
30 min in the caesium chloride solution, on ultra-centrifugation, 
there was observed a density increase, a decrease in banding time 
(i.e., increase in diffusion coefficient), and a decrease in molecular 
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weight to approximately half that of unheated material (Fig. 4A). 
More strikingly, when lysate was prepared from !N-labelled cells 
grown in 4N-medium for one generation time, half of the nitrogen 
atoms of its constituent DNA were N and half were 4N. On 
ultra-centrifugation this DNA gave a band whose position was 
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Fig. 4. The results of ultra-centrifuging in a caesium chloride 
density gradient }°N-labelled and partly ®N-labelled DNA, after 
denaturation through heating at 100°C for 30 min (Meselson and 
Stahl, 1958). 
A: Mixture of heated and unheated !°N bacterial lysates; unheated 
lysate present for comparison (only the DNA in the lysate is detected 
by the methods employed). B: Heated lysate of }°N bacteria 
grown for one generation in 4N growth medium. This lysate 
shows only one band if not heated before ultra-centrifugation. 
C: Mixture of heated 4N and heated N bacterial lysates. 


intermediate between that for 44N- and !°N-labelled DNA, but which, 
on heating at 100°C for 30 min as before, produced two new density 
species in place of the former (Fig. 4B). Each of these had approxi- 
mately half the original molecular weight and their density difference 
was the same as that between uniformly !4N- and !5N-labelled DNA 
before heating. This showed that heating of the hybrid (4N—N) 
molecule had brought about dissociation of the subunits, each of 
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which contained only }°N or 4N and whose involvement in the self- 
duplication of the F. coli DNA in vivo had already been inferred. 
This was confirmed by centrifuging a mixture of heated !5N—DNA and 
heated 14N—-DNA when two bands were observed at the same posi- 
tions as when the hybrid molecule was heated (Fig. 4C). Hence it was 
concluded that, on heating, 2. coli DNA dissociates into two equal 
subunits, which are continuous structures and are the units conserved 
during duplication in growing bacteria. 

This evidence therefore strongly supports the possibility of such 
dissociation but may not be generalized to DNA from other sources 
for Meselson and Stahl also observed that on heating salmon-sperm 
DNA there was an increase in density and in diffusion coefficient 
(decreased banding time) but no change in molecular weight. This 
implied a collapse of the molecule but no dissociation into smaller 
units. As with the observations of Alexander and Stacey with respect 
to denaturation by urea, the stability of DNA with respect to de- 
naturation appears to vary from one source to another and systematic 
observations on various DNA are greatly needed in this field. 

The mechanism of thermal denaturation continues to receive atten- 
tion. Some of the earlier investigations (Thomas, 1954) suggested 
that the total increase in ultra-violet absorption of DNA on heating 
at different temperatures was the same, which would have meant that, 
once begun, thermal denaturation proceeded to completion at the 
various temperatures, though at different rates. It was on this 
assumption that various estimates were made for the activation 
energy of thermal denaturation from the rates of change (assumed to 
be first order) in viscosity (Dekker and Schachman, 1954; Doty and 
Rice, 1955) and in the titration curves (Cox and Peacocke, 1956b). 
These values were of the order of 30-90 kcal/mole of activated units 
for different preparations. However, more detailed investigations by 
Rice and Doty (1957) reveal that the viscosity falls rapidly and levels 
out at values which are lower the higher the temperature. Although 
viscosity is not expected to be a precise measure of the extent of 
denaturation this observation can only mean that denaturation stops 
short of completion at a level dependent on the temperature. More 
direct confirmation of this has now been obtained by utilizing the 
displacement of the titration curves at 25°C which results from 
heating DNA for different times at a series of temperatures; the 
results show a progressive increase in the maximum extent of de- 
naturation attainable at increasing temperatures (Fig. 5; Peacocke 
and Walker, 1958) and this has been confirmed by parallel ultra-violet 
absorption measurements (see also Pouyet and Weill, 1957). Such 
observations invalidate the basisof the earlier calculations of activation 
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energies for denaturation and show that the mechanism of thermal 
denaturation is not a straightforward rate process leading to an 
equilibrium state since, although different extents of denaturation 
are attained at different temperatures, the process appears to be 
irreversible during the usual periods allowed for investigation. The 
temperature coefficient of denaturation is so high that co-operative 
rupture of a number of hydrogen bonds, between bases at comple- 
mentary points in the two chains, is almost certainly a stage in the 
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Fig. 5. Denaturation of DNA by heating a 0-2 per cent solution 
in 0-05 M NaCl (Peacocke and Walker, 1958). 8 = fraction of 
hydrogen bonds broken as determined by titration. Temperature 
of heating: (a) 725°C (b) 75°C (c) 77-5°C (d) 83°C (e) 90°C. 


process of denaturation. In view of these features of the process, 
Rice and Doty have assumed that there is a distribution of critical 
denaturation temperatures among different sequences of nucleotides 
within molecules, so that at a given temperature some sequences 
denature completely while others remain unchanged, <A state is soon 
reached in which denatured regions are bounded by regions having 
higher concentrations of the more stable base pairs, but because 
there is heterogeneity of composition (and thus of base sequences) 
between one molecule and another, denaturation will proceed further 
in some molecules than in others. Thus as the temperature is raised 
different molecules become completely denatured at different points 
and a steady state of apparent equilibrium occurs at any one tempera- 
ture. On cooling the process is not noticeably reversed because of the 
irregular formation of hydrogen bonds between non-corresponding 
positions in the two chains and because of the inherent improbability 
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of the helical form every being restored, once destroyed. Qualitatively, 
this picture seems satisfactory and agrees with the observations of 
Meselson and Stahl (1958) who have not observed by their ‘‘molecular 
density’’ determinations any conditions intermediate between the 
completely denatured and intact molecules, which suggests that 
thermal denaturation is an ‘“‘all-or-none’”’ process in each molecule. 
However, this deduction is not quite conclusive since their reported 
results were obtained only by heating at 100° for 15 min when all 
observers agree denaturation is complete. Extension of the density- 
gradient centrifugation technique to other conditions may eventually 
settle this question. 

The mechanism of denaturation outlined above has been likened to 
that of melting and of phase transitions of the first kind, or to “intra- 
molecular fusion’”’ (Bresler, 1958). If this is the right picture, then 
the heats and entropies of ‘activation’, deduced from rates, and 
even more those of equilibration (deduced from the various final 
viscosities at different temperatures) have no obvious meaning, quite 
apart from the ambiguities of the viscosity values themselves. Rice, 
Wada and Geiduschek (1958) have attempted a more precise formula- 
tion of the problem in which the reversible work of formation (W*) 
of the critical nucleus for denaturation is related to enthalpy and 
entropy changes involved in breaking the hydrogen bonds and in 
disordering the molecule. The observed rate of denaturation was then 
taken to be proportional to exp (—W*/k7') and heats of activation 
(AH*) were deduced from the temperature coefficient of the logarithm 
of the initial rate of denaturation; thus the ‘‘entropy of activation” 
(AS*) could also be derived, since W* = AH* — T.AS*. The chief 
unknown parameter was the number of broken hydrogen bonds in the 
critical nucleus and a value of 29+ 12 was consistent with the 
observed heats and entropies of activation of 145 kcal and 325 e.u., 
respectively (Rice and Doty, 1957). Precise agreement was not to be 
expected and this model seems fairly satisfactory as an explanation 
of the rate process but no quantitative formulation is yet available of 
the pseudo-equilibrium state and its relation to the distribution of 
stable and unstable sequences, if this is indeed the right model. 
The treatment of Sturtevant, Rice and Geiduschek (1958) assumes 
that there is a genuine reversible equilibrium between the original 
and denatured forms and that the entire sample may be regarded as a 
single species. However both of these assumptions are dubious and 
the meaning of the heats and entropies of reactions deduced from 
the temperature coefficient of the final extent of denaturation has 
still to be clarified. 

The mechanism of acid denaturation continues to be investigated 
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since it appears to be somewhat different from that of thermal 
denaturation, although both probably involve the disordering of a 
critical nucleus. Cavalieri and Rosenberg (1956, 1957) attribute 
the process of acid denaturation mainly to the ionization of the 
guanine 2-amino-groups which, it now appears (Pauling and Corey, 
1956), are involved in hydrogen bonding between complementary 
bases. However the coincidence of forward- and back-titration curves 
from pH 2-6 and pH 12 and the reversibility of only the first 10-20 
per cent of the ionizations on lowering the pH and various details of 
the titration curves at different temperatures (Cox and Peacocke, 
1958a) all seem to oppose this conclusion in its simplest form, although 
this does not mean that ionization of the guanine 2-amino group is not 
part of the essential denaturation step, along with that of the other 
groups involved in hydrogen bonding. 

A process has been proposed (Cox and Peacocke, 1957b, 1958) 
which involves the breakdown of an intact region by ionization of 
linear sequences of » titratable groups originally involved in hydrogen 
bonding. The relationship between the extent of denaturation (jf) 
and the degree of ionization (y) of these groups was determined from 
dissociation curves obtained by titration to and from pHs inter- 
mediate between neutrality and pH 2-6. The first 10-20 per cent of 
protons were found to be bound reversibly but irreversible changes 
occurred as more protons became bound and, over this range, the 
relation § and y agreed with a value for n of 2. However when a 
certain critical value (y,) of the ionization was reached, the structure, 
on this view, become unstable and the remaining hydrogen bonds 
ruptured, without further ionization, to yield the denatured form: 
this point corresponded to the very steep part of the forward-titration 
curve. The critical degree of ionization, y,, decreased with increase 
in temperature and with decrease in ionic strength and this appeared to 
give a satisfactory explanation of changes in the forward-titration 
curves with temperature and ionic strength. The breakdown of the 
partly denatured molecule at y = y, was attributed to the same 
process that results in denaturation at temperatures of more than 
75° and which does not require previous ionization of the groups in the 
hydrogen bridges. 

The enthalpy changes (AH) at various temperatures on acidifying 
solutions of DNA in 0-1 M sodium chloride at pH 6 to pHs down to 
the point of maximum denaturation have been measured calori- 
metrically (Sturtevant, Rice and Geiduschek, 1958). On the assump- 
tion that the heats of ionization of the various amino-groups can be 
ignored, the ratio of AH for any particluar pH to the value of AH 
at the pH of complete denaturation was then equated to the extent 
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of denaturation (f). The temperature and pH dependence of # so 
calculated then yielded the value of 7 for the number of protons that 
must be bound to effect denaturation in any part of the DNA molecule 
and also yielded values for the number (m) of nucleotides in the 
sequence denatured by the binding of 7 protons. Unfortunately m 
decreased with increase of temperature whereas one would have 
expected a rise in temperature to make a given number of ionizations 
more effective in denaturing the molecule. Moreover, the basis of this 
calculation of 8 has been questioned (Peacocke, 1958a) on the grounds 
(i) that denaturation (in the irreversible sense) was not complete at 
the lowest pH’s attained at 5° and possibly at 25°; and (ii) that the 
total enthalpy change on ionization included a significant contribution 
from the actual heats of ionization of the amino-groups (when these 
are estimated from the temperature displacement of titration curves) 
and that, if this were allowed for, very different values of 6 would be 
deduced. This would invalidate the details of the mechanism pro- 
posed by Sturtevant ef al., although these authors regard the heats 
of ionization deduced from the titration curves as uncertain in both 
sign and magnitude (Rice and Geiduschek, 1958). 

Sturtevant et al. (1958) also give an interesting treatment of the 
mechanism of acid denaturation based on the assumption of equilibria 
being established between hydrogen ions and intact and denatured 
regions of the DNA. This treatment has, in principle, much in com- 
mon with that suggested by Cox and Peacocke in that, unlike thermal 
denaturation, each molecule is regarded as undergoing some denatura- 
tion as soon as a minimum sequence of ionizations occurs. The 
quantitative deductions differ, but this is not surprising since both 
treatments neglect such obviously important factors as the hetero- 
geneity of the DNA, and because of the ambiguities already mentioned. 
In contrast Oth and Desreux (1959) have concluded that acid denatura- 
tion is an “‘all-or-none”’ process since chromatography of DNA on a 
cellulose column reveals only two well-separated components even 
at intermediate pH’s when partly denatured material should eixst. 

The view has been expressed (Sturtevant et al. (1958)) that the 
stabilization of the double-helical structure may not be caused 
primarily by the inter-chain hydrogen bonds but by other forces such 
as those arising from differential solvation effects (see above). While 
agreeing that the réle of such effects must not be ignored it is difficult 
to deny the apparently direct causal connexion between ionization 
and collapse of the helical structure so that ionization must be 
regarded as a necessary if not sufficient condition of the breakdown. 
This latter distinction is emphasized by the observation that at 
sufficiently low temperatures, reversible dissociation curves of helical 
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DNA are observed, which suggests that the helix persists on addition 
and removal of the protons under these conditions (Peacocke and 
Preston, 1958, 1959). Thus at low temperatures, when insufficient 
thermal energy is not available, ionization alone does not cause de- 
naturation. This does not mean that hydrogen bonds play no part in 
maintaining the structure at normal temperatures, for, if they do not, 
it is difficult to understand why the helical form is preferred at all. It is 
not obvious why differential solvation effects, etc. (see Sturtevant 
et al. (1958)) should maintain a specifically helical form rather than 
any other regular pattern. On the present evidence, one is therefore 
inclined still to speak of hydrogen bonds maintaining the double 
helical structure, at the same time being aware that other forces may 
also be involved and that there is a certain amount of evidence for this. 


Ill. Rrsonucuetc Actps 


1. Structure 
There is little doubt now that, as in DNA, the main-chain linkage in 
RNA is a recurring 3’: 5’-internucleotide bond and there is no 
satisfactory evidence for branching in natural RNA (Brown and Todd, 
1955). Recent titration studies also indicate no branching, for the 
dissociation curves (Cox et al., 1956; Peacocke, 1957) of A. aerogenes 
RNA over pH 6-8 were identical with those for DNA containing a 
negligible number of end-groups; similar results have been obtained 
with yeast-RNA (Crestfield et al., 1955; Jones and Peacocke, 1957). 

The chemical analysis of RNA has not led to the clear generaliza- 
tions concerning its base ratios that have been found with DNA. It 
has proved difficult to isolate RNA samples of reproducible composi- 
tion from the same source and such samples have often been very 
variable with respect to molecular weight, possibly on account of the 
very great stability and activity of ribonuclease during extraction. 
Moreover, it has been observed in many laboratories that it is ex- 
tremely difficult to remove all the protein from ribonucleoproteins. For 
these reasons attempts have been made to measure the nucleotide 
composition in ribonucleoproteins rather than in the separated RNA. 
Under these conditions the only regularity that has been observed is 
that the number of 6-amino groups is equal to the number of 6-oxo 
groups, i.e. (adenine + cytosine) = (guanine + uracil) (Elson and 
Chargaff, 1955). Even this does not apply to plant virus RNA so it 
seems unlikely that there can be complete complementary pairing of 
the DNA type between two chains in RNA, with uracil taking the 
part of thymine. Moreover there has been no observation of a 
titration anomaly with RNA of the same magnitude as with DNA and 
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the relatively small difference observed between the forward- and 
back-titration curves of certain recent preparations of a bacterial 
and of a yeast RNA might be explicable in terms of hydrogen bonding 
to the small amount of protein that could not be removed from these 
preparations (Cox et al., 1956). Elson and Chargaff (1955) have 
suggested that this one observed regularity in the base composition 
of RNA, when not separated from its associated protein, might be 
attributed to hydrogen bonding to the protein, so that the 6-amino 
group of adenine or cytosine in one polyribonucleotide chain is 
hydrogen-bonded to the >C=O group of the peptide linkage in the 
protein, the —NH— group of which is similarly bonded to the 6-oxo 
group of guanine or thymine in another polyribonucleotide chain. 
However no other evidence has yet been adduced for this suggestion. 

The investigations of the X-ray diffraction patterns of oriented 
RNA fibres have not led to the formulation of an ordered structure 
of the type of DNA. The X-ray diagrams from various RNA were 
identical and similar to those of DNA in certain respects: both 
RNA and DNA showed regular spacings at 3-3, 4:0 and 25A 
along the axis and both depended on the water content. Moreover 
both types of fibre were negatively birefringent (Rich and Watson, 
1954), which in DNA resulted from the bases being perpendicular to 
the fibre axis. However, the quality of the RNA pictures was too 
poor to decide whether the similarity was accidental or whether a 
double-helical molecule was present in at least part of the RNA. The 
similarity of the pictures given by different RNA did suggest that 
extensive branching was unlikely. Little improvement in this situa- 
tion has been effected by subsequent more careful preparations of the 
RNA and it is possible that RNA only exists in an ordered state when 
it is combined with protein, as it always is in vivo. (The contribution 
made to the understanding of the configuration of RNA by a study of 
the synthetic polyribonucleotides is discussed below.) 

More progress has been made with the study of RNA isolated from 
tobacco mosaic virus. Gierer (1957, 1959) found that the breakdown 
of virus RNA by ribonuclease proceeded without a lag phase, which 
indicated that the rate-determining step was the splitting of a single 
chain only. Moreover the absolute activity of the ribonuclease and the 
parallel reduction in the mean molecular weight of the RNA taken 
together showed that any, or almost any, break of an internucleotide 
bond caused a molecule of RNA to disintegrate. Similar conclusions 
have been reached by Ginoza from a study of the kinetics of heat 
inactivation of the RNA of tobacco mosaic virus (Ginoza, 1958). 
He found that the process of heat inactivation obeyed first order 
kinetics, a plot of the logarithm of the surviving fraction against time 
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of heating being linear. The heat and entropy of activation for the 
process over 37°-65°C were calculated to be about 19 keal per mole 
and —19-5 entropy units, respectively. The moderate value for the 
heat of activation suggested that the inactivation of tobacco mosaic 
virus RNA did not involve the disordering of a secondary structure 
maintained by a large number of weak bonds. The negative entropy 
of activation was thought to imply the formation of an activated 
state of the molecule, involving a cyclic phosphate triester structure, 
and in any case may be contrasted with the large positive entropy 
of activation that is obtained for heat denaturation of DNA. As in 
the case of the enzymatic degradation, no initial lag phase in the heat 
inactivation curve was observed and the heat and entropy of activa- 
tion curve was observed and the heat and entropy of activation for 
the virus RNA were very close to the values obtained by Bacher 
and Kauzmann (1952) from their study of the kinetics of alkaline 
hydrolysis of yeast RNA. Since the decrease in mean molecular 
weight of RNA caused by ribonuclease had been shown by Gierer to 
decrease exponentially with time and the heat inactivation curve of 
the same RNA was also exponential, Ginoza concluded that hydrolytic 
cleavage of only one phosphodiester bond had been sufficient to 
inactivate the molecule. This conclusion may be contrasted with the 
finding of Thomas (1956) that in the enzymatic breakdown of DNA 
two phosphodiester bonds have to be broken at approximately 
opposite points on two polynucleotide chains, and the similar con- 
clusion in connexion with the breakdown of DNA in solution by 
y-irradiation (Cox et al., 1955, 1958; Peacocke and Preston, 1958). 

Other properties of tobacco mosaic virus RNA also indicate that 
its structure must be different from that of DNA. In this RNA 
the purine to pyrimidine ratio deviates greatly from unity (Knight, 
1952); the birefringence is positive for the free RNA and the intact 
virus, which indicates that the bases must be parallel to the long axis 
of the molecule in contrast to DNA and some other RNA preparations 
(Rich and Watson, 1954) for which the sign is negative; tobacco 
mosaic virus RNA also reacts readily with formaldehyde in contrast 
to the bases in DNA which seem to be protected by virtue of their 
interaction within the double helix. From an electron microscope 
study of tobacco mosaic virus particles which have been disintegrated 
by a detergent, Hart (1958) showed that as the exterior protein was 
removed, the RNA within the virus rod unwound and increased in 
overall length by a factor of the order of 11. From this he concluded 
that the length of the intact, extended RNA fibres was at least 
33,000 A. This indicated that RNA in the virus consisted of a single 
polynucleotide chain because a double chain of length 33,000 A 
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would contain far too much RNA for one virus particle. This value of 
33,000 A was the minimum possible length for the RNA of one virus 
particle and Hart concluded that a single chain structure for the RNA 
was the most probable, since if the molecule were a double chain its 
overall length would have to be less than the observed minimum of 
33,000 A. 

The various physico-chemical evidence for a single strand structure 
in the virus RNA is confirmed by the X-ray diffraction studies of 
intact tobacco mosaic virus (Franklin et al., 1956, 1958, 1959). These 
studies show that the RNA in the virus, which forms only 6 per cent 
by weight of the particle, is in the form of a single flat helical strand 
of diameter 80 A and pitch 23 A; the distance between successive 
phosphorus atoms is about 5 A so that the chain is not fully extended. 
(For a fuller discussion of virus structure, see the article by Gierer 
in this volume.) It is supported in this configuration in the virus by a 
helical array of protein subunits and would not be expected to main- 
tain permanently the same configuration when isolated. However, 
the observation that this RNA will retain its positive birefringence 
(Ginoza and Norman, 1957), as well as its biological activity, for some 
days after isolation suggests that other forces can also maintain this 
configuration in solution. These might consist of hydrogen bonds 
between turns of the helix, which would have to contract somewhat, 
since the 23 A spacings between turns would otherwise be too large 
for hydrogen bridges (Ginoza, 1958; Gierer, 1957). It is interesting 
that Fraenkel-Conrat has reported (1959) that the RNA isolated from 
this virus may either retain its helical configuration or become less 
ordered, according to the method of separation employed; although 
both types are infectious and recombine equally well with protein to 
give stable virus rods. The nature of the hydrogen bonding in the 
isolated helical RNA in solution is not clear, but it is probably similar 
to that which must exist in neutral solutions of polyadenylie acid 
(Warner and Breslow, 1959). The bearing of the ultra-violet absorp- 
tion properties of virus RNA on this question of hydrogen bonding are 
discussed in another article in this volume (Gierer, 1959). 

The above observations show clearly that the RNA of the tobacco 
mosaic virus particle cannot exist in a double chain of the DNA type 
but consists of a single chain, although more evidence is required to 
prove whether or not this single chain is continuous within the virus 
particle. The actual value of the molecular weight of isolated virus 
RNA, 2-5 x 108, suggests that it is continuous, since this molecular 
weight corresponds approximately to all the RNA within the individual 
virus particle. Fraenkel-Conrat (1959) has reported that attempts 
to produce mutants by mixing the RNA from two strains before 
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reconstitution into rods have not been clearly successful. Moreover, 
upon reconstitution of mixtures containing one P%*-labelled and one 
unlabelled RNA, no definite evidence for joint incorporation could be 
obtained. The bulk of the evidence thus favours the single strand 
hypothesis. This accords with the observation that tobacco mosaic 
virus and its free RNA are both inactivated by X-rays by a single hit 
process and both have the same radiosensitive molecular weight of 
about 2-5 x 10°, which again corresponds to the total nucleic acid 
content of the virus (Ginoza and Norman, 1957; Ginoza, 1959). 
This could not be the case if the active RNA in the virus were split 
into smaller units, even if these were each individually single strands. 

Only recently has clear evidence been obtained that RNA from other 
sources exists in solution as a single stranded molecule. Littauer and 
Eisenberg (1958, 1959) have been able to isolate from the protoplasts 
of EL. coli (prepared by treatment of the bacteria with lysozyme) a 
RNA preparation which clearly has these properties. This RNA was 
extracted in the presence of versene from the protoplasts by means of 
phenol saturated with water and yielded three distinct boundaries 
in the ultracentrifuge. From its sedimentation, viscosity and light 
scattering behaviour, the molecular weight of the slowest component 
was estimated to be about one million. In accordance with the work 
of Elson and Chargaff (1955) the ratio of 6-amino to 6-keto groups was 
found to be close to unity. It was found that the reduced viscosity 
(y,,/¢) varied with concentration in a manner very similar to that 
of flexible synthetic polyelectrolytes (Fig. 6). As the concentration 
was lowered the reduced viscosity at first reached a maximum at low 
concentration of the RNA and then rapidly decreased with further 
decrease in concentration. In solutions of the order of 10-* M sodium 
chloride the maximum in the curve was very much depressed and it 
completely disappeared at sodium chlroide concentrations as low as 
5 x 10-*M. The intrinsic viscosity of this RNA did not change with 
increase in the sodium chloride concentration up to 5 « 10-4 M, but 
at higher concentrations it decreased by a factor of about 100 and 
again levelled off at about 0-1—0-2 M sodium chloride. This viscosity 
behaviour of the RNA, while similar to that of flexible polyelectrolytes 
strongly contrasts with that of aqueous solutions of DNA, which show 
a continual increase in reduced viscosity as the concentration of the 
nucleic acid falls and no maximum in the curve has been observed. 
The extrapolated values of the intrinsic viscosity of DNA show little 
or no dependence upon the ionic strength up to the highest concentra- 
tion of added electrolyte (Pouyet, 1952; Conway and Butler, 1954). 
This insensitivity of the shape of the DNA molecule to changes in 
ionic strength has been attributed to the stiffening influence of the 
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cross-linking in the double helical structure. Thus it appears from 
the viscosity behaviour that these RNA preparations existed in 
solution in the form of flexible single strands which expanded at low 
ionic strength because of electrostatic repulsion between the phosphate 
charges on the backbone chains of the RNA. This flexible model for 


0 
Fig. 6. Viscosity numbers of solutions of E. coli RNA in various 
sodium chloride concentrations at 25°C (Littauer and Eisenberg, 
1959). Salt molarities are marked on each curve. 


the RNA preparation was confirmed by the disappearance, on addition 
of salt, of the positive birefringence of flow of solutions of the RNA in 
water; this same behaviour again contrasts with that of DNA whose 
birefringence persists even in high concentrations (2 M) of sodium 
chloride. Similar evidence that RNA is a single contractile coil has 
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been obtained by these investigators with preparations from other 
bacteria and from rat liver (Littauer, 1958; Laskov et al., 1959). 
Kawade and Kitamura (1958) have reported in an independent study 
that yeast and beef liver RNA, of molecular weight about 1-3 x 105, 
as well as RNA from tobacco mosaic virus, behave viscometrically 
at low ionic strength like flexible linear polyelectrolytes, while at 
higher ionic strengths the relation between the various hydrodynamic 
quantities indicates a fairly compact, randomly coiled structure. 

On potentiometric titration of their 2. coli RNA in 0-1 M sodium 
chloride from pH 6 to pH 2-8 and back to pH 10-8 and then to the 
original pH, Littauer and Eisenberg obtained a titration curve which 
consisted of a closed loop with a relatively small hysteresis. There 
did not appear to exist an irreversible step in the titration cycle as 
with DNA and a complete titration cycle brought the curve back to its 
original point. This now confirms the earlier observations on RNA 
preparations isolated from Aerobacter aerogenes and from yeast 
(Cox et al., 1956; Jones and Peacocke, 1957). These latter authors 
were not able to advance any particular hypothesis for this small 
hysteresis loop in the titration curve but now that it has been observed 
in other preparations it could perhaps be interpreted in terms of a 
reversible formation and breaking of hydrogen bonds within the 
single ribonucleic acid chain, in much the same way that polyadenylic 
acid forms such bonds (Warner, 1958; Warner and Breslow, 1958). 
If this is the explanation, then it would be necessary also to postulate 
that there is a time lag for the formation and breaking of these bonds 
within the time of the titration cycle to explain the observed hysteresis. 
These hydrogen bonds, as with polyadenlyic acid but in contrast with 
DNA, would be regarded as forming as a consequence of the ionization 
of the amino groups. This view finds support from the observation of 
Warner and Breslow (1958) that equilibrium in the polyadenylic acid 
is only slowly attained below pH 4. Beers and Steiner (1957, 1958) 
have concluded that in the case of the polyadenylic acid these hydro- 
gen bonds are formed in acid solution between the amino groups and 
the phosphate oxygen on lowering the pH, as distinct from the 
hydrogen bonds which exist at neutral pH and which link the adenine 
moieties. If this hypothesis is correct then ordered structures might 
well exist within the RNA more readily at acid pH than at neutrality. 


2. Heterogeneity 

In view of the wide range of molecular weights reported for different 
preparations of RNA, even from the same source, it is not surprising 
that there has long been evidence that RNA consists of a mixture of 
molecules of different molecular weights, presumably because of the 
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factors already mentioned. This has been demonstrated chiefly by 
means of solubility studies (Barker and Allen, 1950; Ghuysen, 1950; 
Deleambe, 1950; Desreux and Ghuysen, 1951), with associated molec- 
ular weight measurements by means of sedimentation and diffusion. 
Fractions of yeast RNA obtained by graded precipitation (Ghuysen 
and Desreux, 1952) and, more recently, by salt elution from ion 
exchange resins (Miura and Suzuki, 1956) were found to have 
approximately the same base composition. However, Bradley and 
Rich (1956) have found significant differences in the sedimentation 
constants of succeeding fractions eluted by increasing salt concentra- 
tions from a cellulose anion-exchanger, which must indicate a grada- 
tion in either molecular weight or shape, or both. The elution patterns 
varied from one RNA sample to another, and with different prepara- 
tions from the same source, and, in the case of rat liver RNA, were 
shown to change with the time of standing of the solution at room 
temperature. Thus heterogeneity as an artifact of the preparative 
method, in addition to that in the original cells, must be taken into 
account. What seems to be the first evidence that RNA, like DNA, 
contains molecules of different base composition has recently been 
obtained by Kirby (1959) who separated rat liver RNA into 3 fractions 
by addition of 2-butoxyethanol to an aqueous potassium acetate 
solution of the RNA. These fractions differed significantly in their 
relative proportions of bases and counter-current distribution 
experiments suggested that the whole RNA contained aggregates. 


3. Synthetic Polyribonucleotides 
While the study of the configuration of naturally occurring RNA has 
scarcely begun because of the difficulties in isolating undegraded 
material, considerable advances have been made in our knowledge of 
the shape and interactions of the polyribonucleotide chain as a result 
of the availability of enzymatically synthesized polyribonucleotides. 
Ochoa et al. in an important series of investigations have shown that 
from Azotobacter vinelandii an enzyme (‘‘polynucleotide phosphory- 
lase”’) can be isolated which catalyses the synthesis of highly poly- 
merized polyribonucleotides from 5’-nucleoside diphosphates, and at 
the same time releases inorganic phosphate (Grunberg-Manago and 
Ochoa, 1955; Grunberg-Manago et al., 1955, 1956; Ochoa, 1956; 
Ochoa and Heppel, 1957). The reaction, which requires magnesium 
ions and is reversible, appears to be: 


nX —R—P—P=(X —R — P), + 


where R = ribose, P — P = pyrophosphate, P = orthophosphate, 
X = adenine, hypoxanthine, gunaine, uracil or cytosine. The 
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polynucleotide phosphorylase has also been isolated from Escherichia 
coli (Littauer, 1956; Littauer and Kornberg, 1957). Chemical and 
enzymatic degradation of the polynucleotides (X — R — P), has 
shown that they are made up of 5’-nucleotide units linked by 3’, 5’- 
phosphodiester bonds, as in RNA, and that they undergo enzymatic 
breakdown in a manner similar to that of RNA (Heppel et al., 1956, 
1957). 

When a single 5’-nucleoside diphosphate was used as the starting 
material then a polynucleotide was obtained containing only one 
type of base; for example, when the starting material was 5’-adeno- 
sine diphosphate, the product could be described as polyadenylic 
acid, or simply poly-A. ‘Single’ polymers of this type which have 
been prepared are: poly-A, polyguanylic acid (= poly-G) in small 
amounts, polycytidylic acid (= poly-C), polyuridylic acid (= poly-U), 
and polyinosinic acid (= poly-I, where I = ionsinic acid). If a 
mixture of 5’-nucleoside diphosphates was used as the starting material 
mixed co-polymers were obtained in which the different bases were all 
attached to the same ribose-phosphate backbone; thus there has 
been prepared a polymer containing A and U (poly-AU) and a polymer 
containing A, G, U and C (poly-AGUC). The molecular weights 
of these polymers varied from 70,000 to values as high as 3 x 108, 
in the case of poly-A made with the polynucleotide phosphorylase 
isolated from Micrococcus lysodeiktus (Beers, 1956, 1957; Warner, 
1957a; Steiner and Beers, 1958). The poly-AGUC polymer is of 
particular interest since it corresponds in structure, and approxi- 
mately in composition (Ochoa, 1956; Smellie, 1957) and apparent 
chain length, to naturally occurring RNA. This polymer and poly-AU 
could be stretched into fibres and give X-ray diffraction patterns 
virtually identical with those of natural RNA (Rich, 1957, 1958). 
The fact that these polymers have been synthesized from the 5’- 
nucleoside diphosphates using naturally occurring enzymes suggests 
that natural RNA is also a polymer of 5’-nucleotides rather than of 
3’-nucleotides. 

The observed similarity of the diffraction patterns also shows 
directly that the synthetic polymers can assume a configuration 
identical with that of isolated RNA and this has led to closer investi- 
gation of the interactions of the various single polymers. Both 
poly-C and poly-A in the fibrous state have highly ordered structures 
and the X-ray pictures of the latter are consistent with a structure in 
which two helical chains are intertwined, as in DNA, and are linked 
by hydrogen bonding between adenine rings (Watson, 1957), of the 
same kind as occurs in crystals of adenine hydrochloride. On lowering 
the pH of a solution of poly-A, protons are taken up and at a critical 
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point near to pH 6 there is an abrupt increase in this uptake which 
may be prevented by blocking the adenine 6-amino groups with 
formaldehyde (Beers and Steiner, 1958; Steiner and Beers, 1958) or 
by adding calcium ions. Since there is evidence that a rapid transition 
from a coil to a helix is occurring on lowering the pH below this 
critical point (Fresco and Doty, 1957), such inhibition has been taken 
to imply the existence of hydrogen bonding between the adenine 
6-amino groups and the phosphate oxygens at low pH (Beers and 
Steiner, 1957, 1958), as distinct from that occurring in the fibres 
isolated at neutral pH and investigated by X-rays (Watson, 1957). 
This difference is also manifested in a difference in the response to 
heating: the neutral solution on heating exhibits a gradual rise in 
ultra-violet absorption of the kind to be expected for breaking of 
independent bonds; whereas, on heating poly-A in acid solution, 
there is a rapid increase in absorption only at a critical temperature, 
which increases with fall in pH (Warner, 1958). This behaviour 
confirms the suggestion that the poly-A exists as a helical coil below 
a critical pH. The processes of protonation below pH 6 and formation 
of an ordered structure and loss of a proton with consequent disorder- 
ing are reversible in contrast with DNA. 

Of even greater interest is the observation that when the sodium 
salts of poly-A and poly-U are mixed in equimolar proportions, the 
two polymers unite to form a two-stranded complex in which both 
chains are helical and are linked by hydrogen bonds, similar to those 
in DNA but with uracil replacing thymine. The evidence for this is 
as follows. On mixing solutions of poly-A and poly-U there is a drop 
in extinction which reaches a maximum of about 30 per cent (with 
a 2-3 my displacement of the absorption maximum) when the two 
polymers are present in equimolar proportions, on a monomer basis. 
The position and sharpness of this minimum clearly indicated the 
formation of a 1 : 1 complex (Warner, 1956, 1957b, 1958), as may 
be seen from Fig. 7 (Felsenfeld et al., 1957). On electrophoresis in 
alkaline solution a 1 : 1 mixture of the two polynucleotides migrated 
with a single boundary and on ultra-centrifugation, only one boundary 
was observed for the 1 : 1 mixture and this moved at arate more than 
double that of the separate components (Warner, 1957b). Diffusion 
measurements in conjunction with the sedimentation studies showed 
that the complex had a much greater molecular weight (Warner, 
1957) than the original polynucleotides. Indication that co-operative 
bonding exists in the complex was provided by the behaviour on 
heating, which like DNA and helical poly-A (acid form) exhibited a 
sharp increase in ultra-violet absorption at a critical temperature. 
The X-ray diffraction patterns of the fibres of the complex showed that 
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the molecular dimensions were very similar to those in the DNA 
double helix (viz., about 3-4 A internucleotide spacing and about 10 
nucleotides per turn of the helix) and this observation now shows that 
polyribonucleotide chains can assume the same helical configuration 
as in DNA (Rich and Davies, 1956; Rich, 1957, 1958). 

The interaction between poly-A and poly-U disappeared entirely 
in 0-1 M sodium chloride if the pH fell below 5-6 (Felsenfeld and Rich, 
1957). Hence, since the 6-amino groups of the adenine have a pK, 


Poly U, mole % 


Fig. 7. The optical density of various mixtures of polyadenylic 
acid and polyuridylic acid in 0-1M NaCl, 0-01 M glycylglycine, 
pH 7:4, 25°C (Felsenfeld, Davies and Rich, 1957). 


of about 5-7 in poly-A (Beers and Steiner, 1957), these groups must be 
important in the specific interaction and their action is blocked when 
a proton is added to them. Below this critical pH, competition occurs 
between the formation of the helical acid form of poly A and that of 
the (poly-A and poly-U) complex (Steiner and Beers, 1959; Warner 
and Breslow, 1959). The effect of complex formation on the titration 
curves and light scattering behaviour has also been studied (Beers 
and Steiner, 1958; Warner and Breslow, 1959). In alkaline solution 
removal of the proton from the 1 : 6-NH-CO— system of the uracil 
ring at pH 10-4 caused a collapse of the structure and indicated that 
this proton was involved in the cross-linking hydrogen bond (Warner, 
1958). These observations confirm in a direct way earlier interpreta- 
tions of the breakdown of the hydrogen-bonded structures of DNA 
during acid and alkali titration (Jordan, 1952; Peacocke, 1957) and 
constitute a good example of the clarification of many problems 
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connected with the natural nucleic acids that may be expected from 
studies of the synthetic polynucleotides. 

The formation of the 1 : 1 (poly-A + poly-U) complex is reversible, 
in contrast with the denaturation of the DNA double-helix which 
cannot be reversed over any reasonably observable period. In DNA 
it is highly improbable that the disordered chains should re-pair at 
specific positions, so that the two chains re-unite along their whole 
length, for each has a definite sequence of bases which presumably 
interlock in one way only (since no evidence for repeating patterns of 
base sequences has yet been obtained). However, in the case of the 
separated (poly-A + poly-U chains), once the process of recombination 
starts at any one point, the unlinked portions of the chain can more 
readily come into apposition and there is no sequence requirement, 
such as that in DNA, which would prevent the formation of hydrogen 
bonds between them. The process of disruption of the synthetic 
complex is therefore reversible. In both cases, the actual free energy 
of the complex (i.e. DNA or (poly-A + poly-U)) is probably lower 
than that of the separated chains. So the observations can only be 
explained if, for the poly-A and poly-U mixture, the rate of transition 
from separated form to complex is finite, with a low free energy of 
activation and if, for the denatured DNA, the rate of re-formation of 
the double helix is negligible with a large positive free energy of 
activation. This latter point would no doubt be the consequence of the 
more negative entropy of activation required to form the DNA 
double helix, as compared with that for the synthetic complex, on 
account of the specific pairing requirement in the activated complex 
(Peacocke, 1958b). Felsenfeld (1958) has examined the various 
theoretical possibilities for the mechanism whereby the poly-A and 
poly-U chains unite and has concluded that, in the complex, most of 
the binding sites are occupied and that there must be considerable 
dissociation and re-formation of hydrogen bonds or slipping of one 
strand relative to another. This has a bearing on the lability of the 
hydrogen bonds, as already mentioned (II, 1) and could be of impor- 
tance in the duplication of DNA in vivo. 

Not all possible pairs of polynucleotide polymers interact in this 
specific manner and the only other cases so far reported both involve 
the polymer of inosinic acid (I), which is the nucleotide containing 
hypoxanthine and is not a natural constituent of RNA or DNA. The 
complexes obtained were between poly-I and poly-C (Davies and 
Rich, 1958) and between poly-I and poly-A (Rich, 1958). 

In the presence of divalent cations, such as magnesium, three- 
stranded complexes have been formed in which apparently another 
poly-U chain fills the helical groove of the (poly-A + poly-U) complex. 
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This has been shown by the sharp minimum in ultra-violet absorption 
observed at a monomer mole ratio of U: A of 2: 1 (Fig. 7) and is 
supported by sedimentation measurements (Felsenfeld et al., 1957; 
Rich, 1958). Since the reaction is specific, only poly-U combining 
with (poly-A + poly-U), this observation has led to suggestions 
concerning the nature of the bonds linking the third chain to the other 
two and one of these (Zubay, 1958b) allows for the specific action of 
magnesium ions in catalysing its formation. The formation of a 
similar three-stranded complex between poly-I and (poly-A + poly-I) 
has also been reported (Rich, 1958). If the specificity of this type of 
interaction can be elucidated it may become important in suggesting 
mechanisms for the transfer of specificity from the double-helix of 
DNA to the single chains of RNA (Zubay, 1958c). 


IV. NuCLEOPROTEINS 


THE structure of the nucleoproteins is of considerable interest for 
two main reasons. Firstly, in the cell nucleus and, in particular, in 
the chromosome, DNA and protein are intimately linked and an 
understanding of their mode of interaction should be important for 
elucidating both the mechanism whereby DNA performs its genetic 
functions and the nature of the breakdown of chromosome structure 
that certain agents induce. Secondly, the role of nucleic acids, 
especially RNA, in the synthesis of proteins has been apparent since 
the work of Caspersson and considerable efforts are being made to 
understand how the nucleic acids function in this respect (see, for 
example, the Biochemical Society Symposium, 1956, No. 14). Here 
too, a knowledge of the precise mode of interaction between nucleic 
acids, especially RNA, and proteins would be of paramount importance 
since it seems likely that in some way the original specificity of the 
genetic DNA is transferred via the RNA to the protein, and thus 
eventually to the sequence of amino acids in the protein. Various 
aspects of the study of nucleoproteins have been reviewed in earlier 
volumes in this series (nucleoprotein complexes of the cell nucleus, 
Davison, Conway and Butler, 1954; protamines and nucleopro- 
tamines, Felix, Fischer and Krekels, 1956; chromosome structure, 
Ambrose, 1956) and elsewhere (Magasanik, 1955) and only the more 
recent investigations will be considered here. 


1. Deoxyribonucleoproteins 
The double-helical structure has been derived from work on nucleic 
acid preparations which have been separated from the protein with 
which they are combined in vivo. Both types of nucleic acid seem 
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to occur mainly in association with proteins, although the separated 
nucleic acids are usually obtained in the form of their salts with 
sodium or calcium ions which neutralize the negative charge of the 
phosphate groups, the only charge on the macromolecule at neutral 
pH. Nucleic acids have an isoelectric point at an acid pH of about 1-2 
so that any molecule which is to neutralize their charge at pH 7 must 
have an isoelectric point in the alkaline range (i.e. >7). In the living 
organism, the nucleic acids are found associated with proteins and 
only approximately one tenth or less of the negative phosphate 
groups are neutralized by metallic cations (Feughelman et al., 1955). 
The remainder of the negative charges on the macro-ion must there- 
fore be neutralized by positive charges on the associated protein and 
it is not surprising that the protein components of deoxyribonucleo- 
protein (DNP) contain unusually large proportions of arginine and 
lysine residues. These latter amino acids possess side-chains con- 
taining amino groups which at pH’s near to neutrality can become 
positively charged: 


CH(CH,),NH? 


NH 


srotein 
chain chain 
Arginine residue Lysine residue 


The proteins found in conjunction with DNA may be classified as 
protamines, histones and ‘“‘non-histone’’ or ‘residual’ protein 
(Dounce and Monty, 1955; Monty and Dounce, 1958; for survey, 
see Davison, Conway and Butler, 1954). Although the last of these 
undoubtedly plays an important part in the intact chromosome little 
has yet been discovered of its actual mode of combination with DNA 
and it will not be further considered here. The deoxyribonucleo- 
proteins may therefore be subdivided according to the nature of the 
protein component into deoxyribonucleoprotamines and deoxyribo- 
nucleohistones. 

(a) Deoxyribonucleoprotamines. The protamines, which occur 
mainly in the DNP of fish sperm, contain arginine to the extent of 2/3 
of all the amino-acid residues and therefore possess a large positive 
charge at neutral pH. The remaining third of the amino-acid residues 
is non-basic and these residues tend to occur in pairs (Felix et al., 
1956). Considerable progress has been made in determining the 
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amino-acid sequence in some of the components of clupeine (the 
protamine of herring sperm) and detailed analytical studies of other 
protamines have been made. However clupeine contains at least six 
distinguishable components and until these are obtained in sufficient 
quantities sequence studies will not be conclusive. The amino-acid 
composition of a given protamine is characteristic for the individual 
fish species, whereas the total DNA composition varies little from one 
species to another (although, as already suggested, large variations in 
nucleotide sequence are possible). The protamines are relatively small 
in size having molecular weights in the range 4000—10,000, so that 
a very large number of such molecules would have to be bound to 
each DNA molecule to neutralize its charge. The deoxyribonucleo- 
protamines are of considerable biological interest since it has been 
proved that the entire nuclear material of the sperm head consists of 
this complex which must therefore contain all the paternal genetic 
information; its structure is therefore important, especially as it is 
probably the simplest of the nucleoproteins. All the physico-chemical 
evidence (Felix, 1956; Alexander, 1953) suggests that the linkage 
between the DNA and protamine is predominantly electrostatic. It is 
entirely dissociated by increasing the concentration of sodium chloride 
to above 1M and in the nucleoprotamine the amounts of DNA 
NHt 


V4 


phosphorus (>PO~-) and protamine arginine residues ae 
NH, 


are almost equal. Thus for exact balancing of the positive and 
negative charges the composition by weight should be 37 per cent 
protamine and 63 per cent DNA; in fact there is 30 per cent of pro- 
tamine and 70 per cent DNA, which means there is a small excess of 
negative charge, which gives it a slight solubility in water, under 
certain conditions of mixing of the two constituents, and allows it to 
combine with positively charged dyes (Alexander, 1953). 

X-ray diffraction studies (Feughelman e¢ al., 1955) show that in the 
complex formed between DNA and synthetic poly-L-arginine, the fully 
extended polyarginine chain is wound helically round the shallower 
of the two grooves of the DNA double-helix and is anchored to it by 
the attraction between the positive arginine side chains and the 
negative phosphate groups (Fig. 8). It was suggested that, since the 
non-basic amino-acid residues occur in pairs in protamines, they could 
possibly be accommodated as loops in the polyarginine chains, perhaps 
held by interaction with the base rings of the DNA (Feughelman 
et al., 1955). These latter interactions could consist of either van der 
Waals’ forces or hydrogen bonding, since even in the double-helix each 
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base pair contains two potentially hydrogen bonding groups in the 
shallow groove, and three in the deep groove (Fig. 1, dotted arrows 
mark possible sites for further hydrogen bonding on to the guanine- 
cytosine pair). It has been observed (Haggis, 1957) that fibrils of 
nucleoprotamine, such as those investigated by Feughelman et al. 


groove 


@ A'ginine 
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chain 


Fig. 8. Diagram illustrating how protamine binds to DNA (Wilkins, 

1956a). Black circles represent the phosphate groups of DNA 

and coincide with the basic ends of the arginine side chains. 

Non-basic residues are shown in pairs at folds in the polypeptide 
chain. 


can exchange almost all the hydrogen atoms in their >NH and —OH 
groups with the deuterium of heavy water in 3 days at 20°C. It 
must therefore be supposed that in this structure the protons in the 
hydrogen bonds between purine and pyrimidine rings and any 
between the DNA and the protamine are relatively labile. The struc- 
ture of Feughelman et al. now explains the earlier observation of 
Astbury and Bell (1938) that the spacing between nucleotides in DNA 
is equal to the 3-4 A spacing between amino-acid residues in the fully 
extended f-form of polypeptides. 
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The X-ray diffraction pictures of complexes of DNA with protamine 
and with polylysine, of nucleoprotamine extracted from sperm 
(Salma trutta), and of naturally occurring nucleoprotamine in intact 
fish sperm heads all show the presence of the double-helical DNA 
structure and show features attributable to the winding of the protein 
chain around the DNA, as already described (Wilkins, 1956). There 
is thus very good evidence that this structure occurs in vivo and is 
not an artefact of the extraction procedure. This nucleoprotamine 
structure is probably of wider importance than in fish species alone 
since nucleoprotamines have been found in sperm heads of many 
species but not in nuclei of other kinds of cell. Even in some sperm 
cells, e.g. of Sepia and Loligo, where the protein component contains a 
much smaller proportion of basic amino acids than does protamine, 
the X-ray diffraction picture of the intact sperm heads shows again 
the main features of the nucleoprotamine structure already described 
(Wilkins, 1956a). The proteins in these sperm merge into the histones 
which are the other main type of protein with which DNA is found to 
be associated. 

(b) Deoxyribonucleohistones. The histones are larger in molecular 
weight (>10,000) and more complex in composition than the pro- 
tamines. They contain a smaller proportion (often less than 30 per 
cent) of basic positively-charged amino acid residues and are mixtures 
of six or more components (e.g. Cruft et al., 1957; Davison et al., 1954). 
Certain of these fractions are relatively rich in arginine or in lysine 
and the complex of DNA with lysine-rich histone, containing 70 per 
cent of non-basic residues, yields X-ray patterns similar to those given 
by the nucleoprotamine structure (Wilkins, 1956). However the 
X-ray diffraction patterns of unfractionated calf thymus nucleo- 
histone, of intact thymocytes, of unfixed nucleic acid of fowl erythro- 
cytes, and of Arbacia sperm heads (all of which contain histones) 
yield a pattern different in certain features from that of nucleo- 
protamine. The picture was at first thought to be compatible with 
an arrangement in which the polypeptide chains of the histone 
were wrapped around both grooves of the double helix (Wilkins, 
1956) but this is not now thought to be likely (Wilkins, 1959; Zubay 
and Wilkins, 1959). A 36 A spacing along the axis of the molecule 
indicates that protein bridges, which are broken in 2-6 m sodium 
chloride, may link the nucleohistone molecules with approximately 
this regularity (Wilkins et al., 1959a, b). The histone must have 
some stable structure of its own for, after dissociation in strong salt, 
the recombined product gives the original pattern of the nucleohis- 
tone, but only if the histone is not denatured. The infra-red dichroism 
of the protein absorption bands and the comparatively fast rate of 
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deuteration of the protamine compared with that of the histone 
are consistent with the proposal that the former is essentially 
an extended chain and that the latter is hydrogen-bonded and 
folded in some way, though not necessarily as an «-helix (Bradbury 
et al., 1959; Zubay and Wilkins, 1959). The meaning of the spacings 
at right angles to the fibre axis is still under consideration (Zubay and 
Wilkins, 1959). 

Whatever structure for nucleohistone is eventually deduced, it is 
now clear that it is based, like the nucleoprotamine, on an inner core 
of the DNA double-helix. This was earlier indicated by the observa- 
tion (Shack and Thompsett, 1952) that thymus nucleohistone, like 
DNA, exhibited a hysteresis in the ultra-violet absorption as a 
function of pH, behaviour now attributable to the double-helical 
structure. It was also supported by the similarity in infra-red 
dichroism and in other optical properties between DNA and deoxyribo- 
nucleohistones (Ambrose and Butler, 1953; Ambrose, 1956). 

By extraction of calf thymus glands at very low concentration and 
very low ionic strength, Zubay and Doty (1959; Doty and Zubay, 
1956) have been able to obtain a gel-free solution of deoxyribonucleo- 
histone, in which the DNA and protein have not at any stage become 
dissociated. These solutions contained completely dispersed DNP 
particles of high asymmetry and a molecular weight of 18-5 x 10°, 
Since nearly equal amounts of DNA and protein were present and the 
DNA had a molecular weight of 8 10°, it was concluded that the 
DNP particles consisted of one DNA molecule and a large number of 
histone molecules, equalling the DNA in total weight. Electron 
microscopic examination indicated that the protein was fairly evenly 
distributed along the DNA chains and optical rotatory dispersion 
and infra-red absorption pointed to an «-helical configuration for the 
major part of the histone. This seems to accord with the X-ray 
diffraction results and suggests that the fundamental structure of the 
DNP in the chromosome has been retained in these preparations. 
This last conclusion has however been disputed by Dounce and 
O’Connell (1958) who believe that gel formation by isolated nuclei 
and chromosomes is caused by a firm union of DNA with (non-histone) 
residual protein and that by eliminating the gel-forming substances 
Zubay and Doty have, in fact, lost an essential element of the chromo- 
some structure. It may well be true that this residual protein, which 
Zubay and Doty regard as relatively insignificant, does have an 
important réle in the total complex constituting the chromosome. 
The isolation and characterization of the nucleohistone element of the 
chromosome does not exclude this possible réle of residual protein, 
which Dounce and O’Connell are concerned to emphasize. Meanwhile, 
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it seems very probable that the nucleoprotein particles isolated by 
Zubay and Doty are an important constituent element of the total 
chromosome structure. This is confirmed by the work of Ambrose 
(1959) who has shown that the reversible changes in the dimensions 
of chromosomes which occur as a result of changes in salt concentra- 
tion are closely parallel to those observed with concentrated solutions 
of isolated nucleoproteins. Association occurs in such solutions at a 
critical concentration and eventually birefringent structures of 
fibrous form can be seen under the microscope. Ordered liquid 
crystalline structures in such solutions have also been observed by 
interferometric methods (Robinson, 1958). Earlier studies on the 
behaviour of nucleoprotein solutions have been reviewed by Ambrose 
(1956). 

The question whether nucleohistone exists as a true complex in the 
chromosome has been investigated by careful analysis of isolated 
(DNA + histone) mixtures. There seems to be increasing agreement 
that, with due care, a complex may be isolated which has a reprodu- 
cible composition, as shown by the ratios of arginine and lysine to DNA 
phosphorus (Davison and Butler, 1956; Crampton, Lipshitz and 
Chargaff, 1954). Moreover the composition of the nucleohistone is the 
same in different tissues of the same animal (Crampton, Stein and 
Moore, 1957) and even in different animal species, such as fishes, 
amphibians and birds (Knobloch et al., 1957; Vendrely et al., 1958). 
Different authors are not always in agreement about the actual analyti- 
cal values (cf. the value of 1-78 of Crampton et al. (1957) and of 1-6 of 
Davison and Butler (1956) for the lysine/arginine ratio) but a given 
analytical procedure and extraction technique seems capable of giving 
reproducible results. Since the first criterion of identification of any 
compound is constancy of composition, the nucleohistone therefore 
seems to be a definite complex. However, it must be emphasized that 
the compositions reported are averages for a mixture of nucleohistone 
complexes which differ considerably among themselves, since both 
the DNA and the histone are now known to be mixtures of molecules 
of different nucleotide and amino-acid compositions, respectively. 
The observed constancy of nucleohistone composition therefore 
points only to the reproducibility of the aggregate composition of 
many different molecules, although it may be said that this con- 
staney would be unlikely if the constituent nucleohistone molecules 
were not definite complexes. It has been observed that DNA may be 
separated into fractions of different base composition by extracting 
nucleohistone with sodium chloride of increasing concentration 
(Chargaff et al., 1953; Crampton et al., 1954) or by successive extrac- 
tions with salt solutions of constant strength (Lucy and Butler, 1954, 
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1955) or by passing solutions of DNA down a column of histone 
(Brown and Watson, 1953). This implies a continuous variation in the 
strength of bonding of the histone to the DNA and that this latter 
depends on the composition of the two species; perhaps there is here 
a clue to the specific relation between nucleotide pattern and amino 
acid sequence but unfortunately no satisfactory detailed explanation 
of the observations in structural terms has yet been given. From a 
study of the binding of positively and negatively charged substances 
(congo red and methylene blue) and of DNA itself with nucleoproteins, 
Crampton and Chargaff (1957) have concluded that the nucleohistone 
of calf thymus represents a series of conjugated proteins of definite 
structure which is loosened, but not irreversibly, in high concentra- 
tions of salt. Under these conditions, positive charges in the structure 
were liberated which bound additional DNA, though somewhat less 
firmly than the DNA already there. On lowering the salt concentra- 
tion, essential features of the original structure were restored. 

In many investigations the sum of the basic amino acid residues 
in a given nucleohistone has not equalled the total negative phosphate 
charges and the difference has been regarded as made up by sodium 
ions (e.g. Davison and Butler, 1956). However Vendrely et al. (1959), 
who have analysed DNP in situ (in entire nuclei and sperm), have 
shown (i) that in all nucleoprotamines and nucleohistones so studied 
the DNA phosphate groups are completely saturated by the basic 
amino acids (arginine, lysine, histidine) and (ii) that this saturation 
is not complete when the DNP are extracted, a more labile fraction 
containing lysine being lost. If this result is confirmed it would mean 
that most extracted DNP are only obtained in solution by replacement 
of positive amino acid groups at the phosphates by free sodium 
ions. 

There is little knowledge of the molecular interaction in those 
viruses containing DNA. It is clear that in the T-even bacteriophage 
which attack H. coli about 20 molecules of DNA, each of molecular 
weight 6 x 106 are enclosed in a polyhedral body, about 850 x 700 A, 
which consists of protein, in weight approximately equal to that of the 
DNA, and that this head is attached to a narrow tail 1100 « 150 A. 
The X-ray evidence shows that the DNA is present in the phage 
head in the double-helical form (Wilkins, 1957). On reducing the pH 
of a solution of this virus from 6-8 to 4, extremely long fibres, of 
diameter about 1 « (= 104A) are obtained. These fibres when 
stained with appropriate dyes have optical properties similar to those 
of herring sperm nucleoprotamine and thymus nucleohistone, both 
of which also contain approximately equal amounts of DNA and 
protein (Ambrose, 1956). 
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The general conclusion to be drawn from these studies on various 
types of DNA-protein complex that occur in biological systems is that 
in all of them the DNA retains its characteristic double-helical 
structure and acts as the inner core of the nucleoprotein, the protein 
simply wrapping around it or cross-linking to it. The various struc- 
tures afford no obvious model of any highly specific interaction of DNA 
with the protein component unless it lies in the suggestion about the 
looped amino acid side-chains and their possible interaction with the 
base rings. This lack of direct specificity towards protein and the 
stability of the inner double-helical core may in fact correspond to the 
genetic and biochemical function of DNA as a carrier of a particular 
molecular pattern, in the form of a nucleotide sequence, but not as the 
immediate agent in directing specific protein synthesis. 


2. Ribonucleoproteins 
It has been known for some time that it is very difficult to remove the 
last traces of protein from RNA and that a very strong interaction 
between these two species must exist. The possibility has already 
been discussed that RNA only has a specific configuration when 
attached to protein in vivo and, if this is so, it is not surprising that 
extracted RNA and ribonucleoproteins (RNP) have yielded little 
evidence of highly organized structures. However, the situation has 
been helped by the existence of the plant viruses which contain only 
RNA and protein, since these can now be isolated and their biological 
activity may be tested. For this reason investigations on RNP have 
been chiefly confined to studies of the plant viruses, in particular 
tobacco mosaic virus (for recent discussions see Viruses, Cold Spr. 
Harb. Symp. quant. Biol. 1953, XVII; The Nature of Viruses, Ciba 
Foundation Symposium, Churchill, London, 1956; and Gierer, 1959, 
this volume). Attention has recently been directed towards the 
microsomal particles of the cytoplasm, which are now known to be 
the main site of protein synthesis (Zamecnik et al., 1957) and which 
resemble the small plant viruses in many respects. 

According to [the late] Dr. Rosalind Franklin and her colleagues 
the X-ray powder diagrams of three small plant viruses (tobacco (1958) 
mosaic, turnip yellow mosaic and tomato bushy stunt) and of micro- 
somal particles from rat liver and yeast all have the common feature 
that they bear no resemblance to diffraction by a mixture of isolated 
RNA and protein, and show none of the diffraction characteristics 
of isolated RNA. This was true even though the microsomal particles 
contained about 40 per cent by weight of RNA and showed directly 
that the RNA in the viruses and microsomal particles had a different 
molecular configuration from that of isolated RNA. 
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In only one case, that of tobacco mosaic virus, is there any con- 
siderable knowledge of the in vivo structure of RNA and of its associa- 
ted protein. The tobacco mosaic virus particle is a rod 3000 A long, 
of 170 A diameter and molecular weight 40 x 106 (Boedtker and 
Simmons, 1958; Hall, 1958). It contains only 6 per cent by weight of 
RNA which when isolated has a molecular weight of the order of 
25 x 108. ‘This corresponds to the total molecular weight of the RNA 
in the virus and reasons have already been given for thinking that 
the RNA is probably in the form of a single helical strand of diameter 
80 A and pitch 23 A (Franklin et al., 1956, 1958). The RNA lies 
on the inside of and is supported by a helical array of protein units 
of molecular weight about 100,000 (the ‘‘A-protein’’), which are 
each constituted of 6 smaller subunits of molecular weight about 
17,000. There are of the order of 2000 such smaller subunits per 
TMV particle and they each probably correspond to an individual 
protein chain. An intermediate level of organization appears in the 
conjunction of eight sets of A-protein (i.e. forty-eight of the smallest 
subunits of 17,000 molecular weight) into a unit which has a ‘dough- 
nut-like’ appearance in the electron microscope and consists of three 
turns of the helical array of subunits. The chemical nature of the 
protein chains and the types of chemical bond which hold the various 
units together are being elucidated and should prove very useful in 
understanding the assembly of other proteins into larger structures 
(Fraenkel-Conrat and Navita, 1957). 

Turnip yellow mosaic virus contains about 40 per cent of RNA and 
60 per cent protein, which can exist separately from the RNA as a 
spherical and hollow unit of diameter 200 A (Markham, 1951). 
The RNA when present inside this protein shell, as in the intact virus, 
has a structure different from that of the RNA alone when isolated 
separately (Franklin ef al., 1958). Presumably, as in the tobacco 
mosaic virus, the RNA again has a configuration imposed upon it by 
the surrounding protein. In these viruses and in the microsomal 
particles the RNA is probably not merely contained in a protein shell 
but is constrained to lie in a protein matrix containing interstices 
into which it can fit. This suggests a much closer relationship between 
the configuration of RNA and that of the protein in these ribonucleo- 
proteins than there is between the DNA and its conjugated 
protein. 

Stoicheiometric relations between the amino acid and nucleotide 
contents of certain ribonucleoproteins have been reported. Thus 
Chargaff et al. (1956) have found a nucleotide to amino-acid ratio of 
1/2 in the lipid-free RNP of rat liver microsomes but this is not 
consistent with their explanation for the observed equality in RNA 
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of 6-oxo and 6-amino groups (Elson and Chargaff, 1955). Potter and 
Dounce (1956) found that the alkali-stable part of calf pancreas RNA 
always contained strongly bound amino acids or short peptides with 
one amino-acid residue to each nucleotide. They suggested that a 
phosphoamide bond existed between the amino-acids and the nucleo- 
tides and this may be important in connection with mechanisms for 
protein synthesis. 


3. The Interaction of Nucleic Acids with Proteins 


Many studies have been made of the phenomena that occur when 
nucleic acids (usually DNA) and protein are deliberately mixed in 
solution, the first of these being the observation of Miescher, reported 
in 1897, that a precipitate was formed when DNA and protamine 
solutions were mixed (for earlier surveys, see Davison et al. (1954), 
Ambrose, (1956)). Many of the earlier studies were made with 
degraded or denatured nucleic acid and protein but particular 
mention may be made of the investigation of Bjérnesj6 and Teorell 
(1945) who studied the interaction by gravimetric techniques of the 
same kind as had previously been employed by Heidelberger and his 
colleagues in investigating the antigen-antibody reaction. They 
found that when increasing amounts of a solution of thymus DNA 
were added in 0-14 M sodium chloride to a constant amount of histone 
in solution then increasing amounts of precipitate formed up to a 
maximum, and that beyond this point, when the pH was 7-5—8-0, the 
amount of precipitate began to decrease. This “inhibition” of 
precipitation, as it would be called in the antigen—antibody reaction, 
was even more marked when the protein was egg albumin. Thus the 
DNA-protein complex was soluble when the DNA/protein ratio was 
high. No such inhibition of precipitation was observed when an 
excess of protein was added to a given amount of DNA in solution. 
Bjérnesj6 and Teorell concluded that the smaller protein molecules, 
probably in an extended form, attached themselves to an inner core 
of the large DNA molecule, and when the covering was only sparse 
this complex remained soluble. The maximum binding of protein 
corresponded to about three amino-acid residues per nucleotide. 
A similar study, based on analytical procedures, was made by 
Alexander (1953) on the interaction of DNA and protamine. He also 
obtained insoluble complexes at higher concentrations but reported 
that soluble complexes were obtained when the DNA and protamine 
were mixed in the same equivalent ratios but at very low concentra- 
tions (again, compare the antigen—antibody reaction). The insolubility 
at high concentrations was attributed to the formation of a three- 
dimensional network in which one protamine molecule was attached 
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to more than one DNA molecule. Such a macromolecular lattice 
would be similar to that proposed for the antigen—antibody precipitate 
at the equivalence zone (cf. Marrack, 1938; Goldberg, 1952; Goldberg 
and Williams, 1953). 

Studies have also been made of the interaction of DNA with serum 
albumin (Longsworth and MacInnes, 1942; Greenstein and Hoyer, 
1950; Stenhagen and Teorell, 1939; Goldwasser and Putnam, 1950; 
Geiduschek and Doty, 1952) and with many other proteins (Belozersky 
and Bazhilina, 1944, 1945; Shapot, 1952; Ryzhkov and Loidina, 
1952, 1953; Znamenskaya, Belozersky and Gavrilova, 1957; Tongur 
et al., 1957; Kawade, 1957). When these studies involve the use of 
such dynamic methods as electrophoresis and sedimentation great 
problems of interpretation arise owing to the possibility of reversible 
dissociation and association at different levels within the boundaries 
(e.g. Longsworth and MacInnes, 1942; Goldwasser and Putnam, 
1950). The same problem arises when a previously undissociated 
nucleoprotein is subjected to electrophoresis (Fleming and Jordan, 
1953) and the solution of this type of problem is proving to be very 
intricate (Gilbert, 1953, 1955, 1958; Gilbert and Jenkins, 1956). 
Fleming and Jordan (1953) observed complicated boundaries during 
electrophoresis of thymus nucleoprotein at high pH or high ionic 
strength. From this it was concluded that two main nucleoprotein 
fractions were present—one easily dissociated at high ionic strength 
and pH and the other unaffected by such conditions. This may well 
be basically correct, although it cannot be quantitatively precise until 
the electrophoretic patterns of dissociating complexes are fully 
understood. If two fractions of this kind are present, it would clearly 
indicate the importance of non-electrostatic forces in binding at least 
part of the total nucleoprotein complex. 

It has been known for some time that the presence of nucleic acids 
affords protection against the heat coagulation of certain proteins 
(Carter and Greenstein, 1946; Greenstein and Hoyer, 1950). This 
phenomenon has been studied recently by Zubay and Doty (1957) 
who concluded that the DNA protects bovine serum albumin from 
coagulation on heating by binding with it (below pH 5) and thereby 
preventing self-aggregation of the albumin. About 1800 albumin 
molecules (molecular weight 69,000) appeared to be bound to each 
DNA molecule (molecular weight 8 x 10°) to give a complex whose 
molecular weight was 122 x 10° by light scattering measurements and 
126 x 10° by calculation from the known composition of the complex. 
Urea (8 M) broke up this complex which suggested that binding was 
mainly caused by hydrogen bonds that had been made available by 
the heat denaturation of both the DNA and the albumin. 
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Further elucidation of the mechanism of the interaction of nucleic 
acids and proteins may be expected from the use of synthetic poly- 
amino acids and polynucleotides. Spitnik et al. (1955) have shown that 
the complexes of thymus DNA with positively charged polylysine 
and polyvinylamine exhibit a decrease in solubility with increase in 
concentration of the reagent solutions. At very low concentrations, 
soluble complexes could be obtained. The insoluble complexes formed 
at higher concentrations were soluble in solutions of high ionic 
strength. Another interesting parallel with the nucleoprotein was 
the observation that successive extraction of the DNA—polylysine 
complexes by salt solutions of increasing concentration resulted in the 
separation of differently composed DNA fractions. These observa- 
tions may be compared with those of Zubay and Doty (1958) who 
found that arginine (0-01 M) was bound to DNA to the extent of about 
6 molecules per 100 nucleotide, probably by nonspecific electrostatic 
forces; serine and glutamic acid were not significantly bound. 
Similarly the binding of glutamic acid, threonine and proline by viral 
RNA was negligible. The stoicheiometric relations between amino 
acid and nucleotide composition of certain ribonucleoproteins, 
mentioned above, cannot therefore be explained in terms of electro- 
static interaction without formation of covalent bonds. 

It has not been possible to discuss here in any detail the réle of 
cations, especially divalent cations, in the stability of the nucleo- 
proteins. The work of Bernstein and Mazia (1953) clearly shows that 
they play an important part in chromosome structure and the ex- 
tension to nucleoproteins of previous studies (Zubay and Doty, 1958; 
see references given by Shooter, 1957) on the interaction of such ions 
with nucleic acids should help to clarify their contribution to nucleo- 
protein structure. The observation that DNA is only released from 
mammalian tissues by the combined action of phenol and certain 
solutions of metal-complexing anions has led Kirby (1957) to propose 
that DNA is bound to its protein through co-ordinated metal linkages 
to the carboxyl groups, as well as by electrostatic forces. Similar 
behaviour was not observed with RNA which he considers to be 
bound to proteins mainly by hydrogen bonds from the base rings. 
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MECHANISMS FOR ENZYME-CATALYSED 
TRANSFER REACTIONS 


S.A. Bernhard and H. Gutfreund 


lL. 


In recent years the results of detailed studies of the chemical kinetics 
of reactions of some selected enzyme systems with their substrates 
have enabled one to make more detailed proposals for the sequence of 
physical and chemical events, which occur during such processes, than 
has been possible previously. 

Studies of enzyme reactions have taken three separate lines; the 
synthesis of the results of all of these into proposed overall mechanisms 
will be attempted here. The first approach to the problem involves the 
study of enzyme specificity, the mode of initial enzyme—substrate 
combination and the strength of binding; the second approach 
involves the determination of the essential chemical reactive groups 
of the enzyme, by characterization with specific reagents as inhibitors, 
or from their physical properties (heat and free energy of ionization, 
ete.). The third approach involves the development of new kinetic 
techniques for the elucidation of the sequence of events during the 
reactions of enzyme with substrate. 

In some enzyme reactions the intermediate compound achieve 
concentrations nearly identical to those which would obtain in an 
equilibrium process (i.e. with no subsequent decomposition of com- 
pound. In such a case the Michaelis or steady-state constant Ky, 
approaches a thermodynamic binding constant and bears some 
relationship to the molecular structure of the enzyme-substrate com- 
pound (Bernhard, 1955). However, such use of Michaelis constants for 
quantitative interpretation in terms of structural specificity must be 
undertaken with caution since in other cases the rate of decomposition 
of the compound may be rapid compared to the rate of desorption of the 
substrate from the compound. The expanded form of the Michaelis— 
Menten scheme is useful to illustrate this and some following 
points. 


E + 8 (ES), (ES), —“>...E+P 
-1 -2 
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If the interaction of a series of related substrates with one enzyme 
is being studied, one often finds that different steps in the above 
scheme assume greater or lesser significance in the control of the 
velocity according to the nature of the substrate involved. It is 
possible, therefore, that on changing from one substrate to another, 
(ES), determines K,, in one case while (ES), determines Ky in the 
other, because the rate control has shifted from step 2 to step 3. As 
will be seen below, it has been possible to show, in some special cases 
which have been studied in detail, whether one of the enzyme—sub- 
strate compounds approaches equilibrium, and if so, which of several 
possible intermediates does so. 

The structural specificity of enzymes for their substrates has been 
studied in detail; the study of possible chemical reactions between 
enzymes and substrates is, however, of more recent origin. In the 
past, the catalytic action of enzymes was attributed to a number of 
ill-defined physical mechanisms. Among the first studies in which an 
enzyme reaction was considered in terms of the chemical reaction 
between enzyme and substrate was the work on glyceraldehyde-3- 
phosphate dehydrogenase, where the acylation by the substrate of a 
thiol group of the enzyme was postulated as an intermediate (Racker, 
1954). Since then, acyl-enzyme intermediates have been proposed for 
many enzyme-catalysed hydrolysis and transfer reactions, and the 
evidence for their existence as well as for the chemical nature of the 
reactive groups of various enzymes will be considered below. 

In many cases it is difficult to decide whether the hydrolytic or the 
acyl transfer activity of an enzyme is its natural biological function. 
In any event, hydrolysis is merely a special case of acyl transfer (in 
which water is the acceptor). Some of the enzyme systems described 
in this review, such as trypsin and chymotrypsin, are clearly mainly 
important for their proteolytic (hydrolytic) functions, but their 
reactions involving transfer of amino-acid acyl groups to acceptors 
other than water give interesting information about the chemistry of 
the reaction paths. Other enzyme systems such as phosphatases, 
which are mainly studied by following their hydrolytic activity, may 
in fact be more important as catalysts for the maintenance of the 
phosphate balance between some storage places, such as possibly 
phosphoproteins and phosphorylated compounds, for example, 
coenzymes or metabolic intermediates. We shall not concern ourselves 
directly with the biological role of any of the reactions we discuss, but 
only use the information available to formulate chemical mechanisms. 
The selection of the systems used for detailed discussion is based partly 
on the amount of reliable information available and partly on our 
personal knowledge. 
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Il. Tue Brypine Srre AND SPECIFICITY 


1. The Significance of the Michaelis-Menten Constant 


Ever since the classical work of Michaelis and Menten on the substrate 
concentration dependence of enzyme catalysed reactions, it has been 
customary to study concentration dependence as a means of charac- 
terizing enzyme—substrate systems. The results of such studies have 
almost invariably led to the same qualitative conclusion, namely, 
that there is an affinity of enzyme for substrate such that at ‘‘moderate”’ 
concentrations of substrate (and at very low enzyme concentration), 
a maximum (limiting) velocity of reaction per unit of enzyme occurs. 
The explanation originally proposed to explain this phenomenon, 
the formation of an intermediate enzyme—substrate complex (K-S), 
remains an essential feature in the mechanism of enzyme action. 

The original model proposed was that of a rapidly reversible 
association to form a slowly reacting complex, viz. : 


(E) 
where = = ——., 
k,(S) 


Eo) 


t+ 


hence v = 


As was pointed out by Briggs and Haldane (1925), the above model 
need not rest on the assumption that the ratio (E)/(ES) is that pre- 
dicted on the basis of equilibrium. All that need be stipulated con- 
cerning the consistency of the above model with the experimental fact 
is that during the time course of measurements, (ES) must remain 
constant. Since the velocity of many enzyme-catalysed reactions can 
be expressed in the form of the equation 


Vp = A(Ey)/(1 + B/(So)), 


where (S,) is the initial substrate concentration and (£5) the total 
enzyme concentration, it is pertinent to inquire into the significance 
of the parameters. 

Figure 1 illustrates a typical behaviour of the velocity of reaction 
with substrate concentration. In the following reactions we shall 
consider systems of this type only.t 

+ Many other curves are observed when v~! is plotted against S~! (Botts, 1958). 


Although we are cognizant of these forms, we shall restrict ourselves at this 
time to the many examples in accord with equation (2.1). 
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The parameter B of Fig. 1 is usually referred to as Ky, (the Michaelis— 
Menten constant). We shall temporarily leave this parameter 
physically undefined, and consider the empirical results. 

The course of a wide variety of enzyme-catalysed reactions is 
mathematically reducible to the form shown in Fig. 1. The systems 
may be classified into three general categories: 


Fig. 1. Graphical representation of the dependence of reaction 
rate on substrate concentration for an enzyme reaction following 
Michaelis—Menten kinetics. Symbols are defined in the text. 


(1) Reactions involving the decomposition or rearrangement of a 
single molecule. 

(2) Reactions involving two or more substrate molecules, where all 
but one substrate are maintained at small concentrations. 

(3) Reactions involving one substrate at low or moderate concentra- 
tion and one or more substrates at invariant high concentrations. 

It is highly probable that case (1) is rarely encountered in actuality, 
but is frequently confused with case (3) due to the inability to detect 
the réle of solvent molecules in the catalysis. A true example of case 
(1) would require the set of reactions given in (2.1) as the simplest 
model (in the absence of experimental data on forward and reverse 
association—dissociation velocities). For later convenience equation 
(2.1) can be rewritten as 


Up ‘kp(Lo) = 1 + Kg/(So) + (kp/ks) ++ +(2.2) 
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where Kg = k_g/kg and 1 + Kg/(S9) is the equilibrium ratio of (9) to 
(ES) at concentration So, hence the ratio of limiting maximum velocity 
to velocity at finite S is determined by both the equilibrium distri- 
bution of ES to E and by a perturbation constant (kp/kg). 

Cases (2) and (3) have been considered as distinct reaction types 
although they may be formally represented by the same mathematical 
model. It has often been argued that since in case (3) one substrate 
concentration is large and invariant, the formal model for this case 
must reduce to that for case (1), with physical change of significance 
of the parameter kp. Let us consider the complete formal model for 
cases (2) and (3) and examine the conditions for reduction (simplifica- 
tion) of the model. Consider the following two-substrate system 


where Ki=bk_Jjki; E, +4 


Assuming that over the sieiacisaeaincadiai integral of observation 
dt 
= 1+ — 
0 TH SN 
SN rs un ryk_glts 
bs = kXS rs = KN 
Ln = kXN Tn = 
(where 8 and N are in concentration units). 
If the parameter kp is very small (the condition for equilibration of 
intermediates), Qs y ~ 0 and the ratio kp o/v approaches the equi- 


librium distribution ratio, Ly/(ESN). 

Let us consider the three cases (above) together under the condition 
k_y>kp<kg or These are the equilibrium 
conditions, and if they obtain, Ky as operationally defined (Fig. 1) 
reduces to the following: 
case (1) Ky = Kg 

Ks{(1 + KX/N)} 
cases (2) and (3) Ky = 1 i (Kx/N)} 


Thus, only if KX/N and Ky/N are both small compared to unity 


~ 0, we find 
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(i.e. N is bound very tightly to the enzyme in the absence and in the 
presence of substrate) or if KY = Ky (non-competitive binding, 
hence Kz = K%), will Ky, be a direct equilibrium measure of the bind- 
ing of substrate to the enzyme site. The implicit assumption in 
reducing case (3) to case (1), as for example in Michaelis-Menten 
models for hydrolytic reactions, is the condition K\/N, Ky/N <1 
Since in case (3) the réle of the solvent is not usually ascertainable, 
the meaning of Ky, is obscured. 

If on the other hand, kp is not small compared to the specific ratio 
of dissociation of the reactive complex, the conditions for equilibrium 
are not maintained and Ky, takes on a new significance, namely, 


case (1) Ky Ks kp/kg 

K/N) 
cases (2) and (3) Ky = + (@ax) 
where (Qsx) =f(8, N, kp) > 0 


By examination of Qs y it is seen that this term contains higher 
functions of S§ and N than appear in the equilibrium terms of the 
equation as well as terms of the same orders. If v~! is linear with 
S-! (Fig. 1), either Qs x ~ 0, or else these higher order terms must 
vanish within the limits of experimental detection. Examination of 
equation (2.3) under the assumption that Ky/N and K /N are both 
much less than unity (a special example of case (3), above) indicates 
that even with this assumption a plot of v~! or S~! should not neces- 
sarily be linear if equilibration is not attained. A linear plot therefore 
is indicative of either equilibrium or of the predominance of the 
perturbation terms in S~1 and 8°. Since the model outlined is sym- 
metrical in 8 and N, the analogous plots and arguments result from 
variation of v1 with N-!. Provided that a near-saturation concentra- 
tion of N can be attained, the parameters K,, Ky, KY (and hence 
KX) can be determined if the system can be demonstrated to be at 
equilibrium, as is shown in Fig. 2. 

If in an enzyme substrate system the concentrations of inter- 
mediates are the same as those predicted on the basis of an equilibrium 
model, then as has been shown above, the equilibrium binding con- 
stants can be determined and details of the specificity and pathway 
of the reaction can be considered in terms of the free energy of binding. 


2. Methods of Testing for Equilibrium 


A number of indirect methods of investigating the question of 
equilibration of species have been suggested. In principle, these 
methods can be grouped into two types: 
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Method 1. Indirect evidence from the effect of altered structure or 
environment. The study of the effect of structural alteration of the 
substrate on both the binding constant (K,,) and the specific rate of 
decomposition (k,) has often been applied to test the independence of 
binding constant on specific rate; most notable for these systems are 


(a) 


> 


Fig. 2. Graphical representations of the course of enzyme reactions 
in the presence of modifier, when the enzyme-—substrate system is 
at equilibrium. 

(a) Dependence of velocity on substrate concentration at different 
levels of modifier concentration. 

(b) Dependence of velocity on modifier concentration at fixed 
substrate concentration. Symbols are defined in the text. 


the studies of Foster and Niemann (1955a, b). Consider the four 
substrates RX, R’X, RY, and R’Y which react to form only two 
possible products RZ and R’Z. Then if the reactions RY — RZ, 
and RY — RZ are different in rate, the ratio Ky(RX)/Ky(R’X) 
cannot be equal to the ratio Ky(RY)/Ay(R’Y) except if none of the 
K ys are functions of the respective kps. Such behaviour is illustrated 


3 
V5" Ve 
VOL 
lo 
(b) 196 
| 
Vy' 


lo 


Mechanisms for Enzyme-catalysed Transfer Reactions 123 


in Table 1. It should be noted however, that any structural modifica- 
tion of the substrate (from R to R’) which exerts a direct electronic 
or steric influence on the reactive group may affect the binding of one 
reactive group (X or Y) more than another. In some instances, 
particularly with small-molecule substrates, the reactive group may 


TABLE 1 
Ratios of Binding Constants and Rates of Hydrolysis 
of Acylated Amino Acid Derivatives by Chymotrypsin 


O O 


R—C—NHCH(R’)C—X 


R’ \Kamide/ carboxylate 


| L-Tyrosyl 0-28 
L-Tryptophonyl 0-29 


| 


Acetyl 


Ktrypt. 


Acetyl L-Tyrosinamide | 0-16 + 0-4 
L-Phenylalaninamide 


Nicotinyl | L-Tyrosinamide 
| L-Phenylalaninamide 


contribute appreciably to the total binding energy of the enzyme— 
substrate complex. The method is sound when the structural altera- 
tion can be assumed to exert no direct influence on the reactive portion 
of the molecule. Otherwise, the above approach represents too restric- 
tive a test for equilibrium. 

Another indirect method is that of varying the rate of a reaction by 
change of the solvent environment (e.g. change of ionic strength). If 
such a change results in a significant change in rate constant, without 
any similar change in Ky, there is good evidence for equilibrium 
(Kistiakowsky and Mangelsdorf, 1956). Again the method is too 
restrictive since binding affinity and bond lability may be linearly 
related energetically. 

Method 2. Direct test for equilibrium from kinetic analysis. The 
second group of methods depends on the functional relationships 
between substrate or modifier concentrations and the velocity of 
reaction. As is evident from examination of equation (2.3), 1/v should 
vary linearly with 1/8 or 1/N only if the term Qs y vanishes (if equili- 
brium is maintained). However, it is conceivable that over the finite 
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concentration range of particular experiments the predominant 
terms of Qs are those of zero or first order in 1/S or 1/N and hence 
deviations from linearity may not even be observed in systems far 
from equilibrium. The same arguments apply to the situation of 
non-competitive modifiers described by Botts and Morales (1953) 
and Morales (1955), where it is shown that the velocity concentration 
relationship for substrate and modifier cannot be of the classical 
non-competitive type unless Q vanishes. An alternative approach 
which eliminates the uncertainty involved in the above methods is the 
following. Consider a reaction scheme similar to that shown pre- 
viously except that a competitive reagent (W) has been added to the 
system. Reagents of this type are rather common in enzymic pro- 
cesses, for example: 


NH, RCO NH peptide 


| ZA 
H,O + peptide + R CO, NH, + NH, 


RCO; + H+ 


Now, once more making use of the stationary state assumption and 
after some laborious algebra, we obtain velocity equations of the form 


N W W N \ KR 
N W Kg W N \ KS 


where = kp O(us, Mw) 


kp (us, ly, few) 


vy = [ESN], vy =EY[ESW) = 


If Kj (as operationally defined in Fig. 1) is equal to KW at any fixed 
concentration of N and W then the system must be at equilibrium, 
since q¥ ~4q™ but the equilibrium terms in both Kys are equal. 
Since the q terms depend directly on the values of kp, and on N and W 
concentrations, determination of Ky{ and K}\ over a wide concentra- 
tion range should provide a sensitive test of equilibrium. This is 
illustrated in Table 2. 
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It is clear from Table 2 that in the «-chymotrypsin catalysed 
hydrolysis and hydroxylaminolysis of methyl hippurate, quasi- 
equilibrium is maintained whereas in the case of acetyl-L-tyrosine 
ethyl ester Kj does not predict the equilibrium distribution of 


TABLE 2 
Binding Characteristics of Substrates in the Course of 
Hydrolysis and Hydroxylaminolysis by «-Chymotrypsin 


NH,OH 103 KY 10° Ky 
Substrate (M) (M) (M) | (relative units) 


Methyl! hippurate 0-00 4:25 — 1-0 


0-02 4-27 — 
0-05 4-40 4°35 
0-10 4°35 4°30 
0-25 — 4-40 


0-50 


Benzoyl-p,t-alanine- 0-00 3-1 — 0-5 


methyl ester 0-05 3:3 — 
0-10 3-0 3-1 
0-15 3-1 3-0 
0-25 — 3-2 
0-50 


Benzoyl-p,L-valine- 0-00 8-0 0-1 


methyl ester 0-10 75 
0-25 — 7-9 
0-50 8-3 
0-80 6 


Acetyl-L-tryosine- 0-00 0-65 800 


ethyl ester 0-10 0-70 —- 
0-20 1-7 
0-30 — 1-7 
0-50 1-8 
0-60 1-6 
0-80 — 1:8 
1-00 1-9 


[ESN] to Zy. It cannot be determined whether Ky is or is not a 
quasi-equilibrium constant (in the case of ATEE) since it is the smaller 
of the Ky values. An interesting corollary of the mathematical 
treatment is that for a system at equilibrium a plot of 1/vy vs. 1/(N) 
should be linear, whereas the same plot for a non-equilibrium system 
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[NH. OH] 


(a) 


[NH.OH] 
(b) 
Fic. 3. The rate of chymotrypsin catalysed hydroxylaminolysis of 


(a) methyl hippurate and (b) acetyl-L-tyrosine ethyl ester as a 
function of [NH,OH]. vy is in arbitrary units. 
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should be non-linear (particularly in the region far from saturation in 
N).+ This is demonstrated in Fig. 3. 

If by one of the above methods quasi-equilibrium concentrations of 
enzyme-substrate intermediates are demonstrable, then any of a 
number of equilibrium-thermodynamic parameters can be determined. 
With the aid of these parameters, many mechanistic details may be 
derived, as has been summarized by Hearon, Bernhard, Friess, Botts 
and Morales (1958). Among the problems concerning mechanistic 
detail which can be examined in light of these parameters are those of 
ordered pathways (the presence or absence of sequential chemical 
events), specificity for particular reagents (as in hydrolysis vs. 
transpeptidation or transphosphorylation), the presence or absence of 
specific sites for reagents, the dependence of enzyme-—substrate 
binding on the reagent (sequential vs. non-competitive binding), and, 
in a more speculative manner, the nature of the complexed inter- 
mediates. It is important to re-emphasize that until these equilibrium 
thermodynamic parameters can be ascertained, no valid approach 
to the problem of specificity or reactivity as a function of molecular 
structure is possible. Application of the above methods to a number of 
enzyme substrate systems and the mechanistic detail so deduced is 
illustrated in the following section. 


3. Mechanistic Interpretations of Binding Data 


In an equilibrium situation, where Ay, represents the ratio of 
desorption rate to adsorption rate for a particular enzyme—substrate 
complex, the affinity of enzyme for substrate will obviously depend on 
the rate with which substrate molecules enter the binding site relative 
to the rate with which they leave. Both these rates are in turn 
dependent on the rate of diffusion of substrate through the region 
immediately surrounding the site. The desorption rate will depend on 
the strength of the binding forces for adsorbed substrate as well, 
whereas the adsorption rate is essentially unaffected by these forces, 
except in the case of steric constraint, due to their short range nature. 
It has been shown that with acetyl-t-phenylalanine ethyl ester and 
a-chymotrypsin (Gutfreund and Sturtevant, 1956) the steady-state 


t+ The same conclusions would obviously hold (from the symmetry of the 
equations) for the 1/v vs. 1/S plots. However, it is generally difficult to investigate 
the low substrate concentration region. An attempt at investigation of the low 
substrate concentration range of acetyl-L-tyrosine ethyl ester hydrolysis (10~° M) 
confirms this expectation, the plot of 1/v vs. 1/S having a similar shape to the 
corresponding 1/v vs. 1/(N) plot in Fig. 5. The methyl hippurate plot is linear 
within experimental error over the same extent of substrate saturation (10~* to 
10-5 M). 
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velocity of hydrolysis is reached in less than 5 msec. From the above 
data the overall specific rate constant of association (to form ESW 
from E, or EW and §) must be larger than 10°M~! sec~!. A specific 
rate of this order of magnitude can only have the free rate of diffusion 
of substrate molecule as the limiting rate process. Since the free rate of 
diffusion of many synthetic substrates (as for example, substrates of 
Table 3) would be expected to be very similar in aqueous solution, 


TABLE 3 


Competitive Inhibitors of Chymotrypsin Foster and Niemann (1955a,b) 
O 


of the Type RC—X 


Acetyl D-tryptophanyl- 


Nicotinyl- 
| 


Acetyl p-phenylalanyl- 


differences in binding constants must arise in good part from differences 
in the rates of desorption of substrates, and these rates must (at least 
in some of the cases) be dependent on a process of significant free 
energy of activation (i.e. of a chemical type process). Substantial 
verification for this hypothesis may be derived from the data on 
competitive inhibitors, primarily from the work of Niemann and his 
collaborators, who have shown that p-amino acid derivatives com- 
petitively inhibit the hydrolysis of L-amino acid substrates. From 
the geometry of these inhibitor molecules the free diffusion rates 
would all be anticipated to be similar (the bulk of each of these 
molecules is essentially the same). The major differences among them 
lie in the polarizability of the carbonyl bond, the dipolar structure 
being more favoured in the ketone and ester and less favoured in the 
amide and carboxylate. <A similar correlation is found in the com- 
petitive inhibition of acetyl cholinesterase studied by Bergmann, 
Wilson and Nachmansohn (1950). Examination of Table 3 reveals 


R x Ky; x 10-3 
| OH 0-06 
NH, | 4-0 VOL 
CH, 0-13 lo 
OC.H, | 0-06 196 
Oo”) 4-8 
NH, 2-7 
NHCH, | 
OCH, | 0-089 
0-25 
(Ni, 31-0 
OCH, 2-6 
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the existence of two criteria for effective binding, namely a geometrical 
factor (presumably due primarily to Van der Waals’ forces) and a 
chemical factor (apparently dependent on the positivity of the 
carbonyl carbon atom). 

It can be shown (Bernhard, 1955a) that if the value of kp is so small 
that all reversible intermediates between enzyme and substrate 
are maintained at their thermodynamic equilibrium concentrations, 
then the binding specificity will be governed by the difference between 
the energies of interaction of enzyme with substrate and with solvent 


molecules, i.e. —RT In Ky = — Want) 


where W is the energy of interaction between substrate and enzyme or 
external solvent medium. These ““W” terms can often be calculated 
from existing physical theory, if the chemical configuration of the 
enzyme site is either known or assumed, and the substrate molecules 
are simple. Alternatively the configuration of the enzyme site can be 
deduced from the way the Ws approach maximum values as the 
substrate structure is altered. The principal forces of interactions 
governing these W terms have been found to be of three types, viz: 
(1) London dispersion forces: forces arising from the induced 
electric dipole moments between any two atoms in proximity. The 
resultant energy of interaction between any isolated set of atoms is 
small, but when many atoms in proximity interact, the generality of 
the force results in a large total energy. 
(2) Coulombic forces: forces arising between charged molecules. 
(3) “Chemical”? forces: the forces which are responsible for 
stabilization of the orientation of two atoms at very small distances. 
In order to bring two atoms close together from the equilibrium 
distance governed by the dispersion forces (the van der Waals’ 
contact radii) it is necessary for the electron clouds (orbitals) sur- 
rounding each atomic nucleus to interpenetrate. In this region of 
separation of the two atomic nuclei there is a large coulombicrepulsion. 
Hence an “activation energy” is required before reaching the proper 
distance and orientation for the formation of stable chemical bonds. 
“Chemical” forces may therefore be defined as forces of interaction 
between oriented configurations of the atoms. Very short distances, 
critical orientations, and very high energy barriers (relative to 
the energies arising from 1 and 2) typify these forces of interaction. 
A striking characteristic of chemical forces of interaction is the 
large difference in stability which results when subtle alterations in 
the electronic configuration of the substrate are introduced. Con- 
versely, when large changes in binding stability are encountered 
in the interaction of a series of structurally related substrates (or 
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inhibitors) with the enzyme, the formation of a chemical bond 
is implicated. Such information, in light of the very short range 
and stereospecific nature of chemical bonds, can lead to a good deal of 
geometric and mechanistic detail concerning the enzymatic site. 

Although the absolute values of the energies of interaction arising 
from the above factors vary with a host of conditions (dielectric 
constant, ionic strength, polarizability, etc.) some “typical” values 


TABLE 4 
Approximate Energies of Binding of Specific 
Molecular Groups to a Complementary Protein Surface 


Group | AF (cal) 


—500 
—900 


NH," ) 
or (to CO>) 
—OH 


are listed in Table 4. One kilocalorie per mole in energy is equivalent 
(at room temperature) to a change in the equilibrium constant by a 
factor of about six. In an equilibrium situation, the extent to which, 
and the manner in which a substrate will bind to the enzyme will depend 
on the number of complementary forces involved and the magnitude of 
the individual energies, as schematically illustrated in Fig. 4. The 
additivity of the energies of interaction in complementary situations 
(equation (2.4)) is responsible for the high binding specificity. In 
Fig. 4 four binding sites on the enzyme have been depicted. In 
actuality a large number (or a continuum) of sites probably exist. 
Reactivity however, will depend on “‘chemical type” forces of inter- 
action and hence on a highly specific configuration of enzyme and 
substrate. In Fig. 4 the reactive site has been depicted on the extreme 
right of the enzyme. Any interaction with substrate which does not 
lead to occupation of this site will not lead to reaction. This situation 
is illustrated with molecule $,, which would thereby be classified a 
competitive inhibitor. 

In the following discussion use shall be made of enzymatic binding 
data with substrates for which there is either proof or strong presump- 
tive evidence for quasi-equilibrium, as well as competitive inhibitors 


CH 
oct, 
(CH,CH,) | 
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where no complications of reaction are encountered. A molecule may 
act as a competitive inhibitor rather than as a substrate for any of the 
following reasons: (1) Lack of reactive chemical grouping although 
possessing the necessary structural elements for strong binding, 
(2) inability to form a complex with the enzyme such that a subsequent 
stereochemical reaction is possible although both the chemical ele- 
ments for binding and for reaction are present, and (3) the ability to 


CORRELATION OF ENZYME - SUBSTRATE STRUCTURE 
WITH Km AND kp 


REACTIVE GROUP, 


BINDING ENERGY /SITE KCAL /MOLE) 


RELATIVE 
SUBSTRATE STRUCTURE TYPES of COMPLEXES conc. | Km(M) RELATE 
1.00 


R 
R! * 
R 
A-B-C-R 0.49 
A R 
Ce] A-B-C-R 0.49 | 0.5 
R 


0.02 


Fig. 4. Correlation of enzyme-—substrate structure with four 
different co-operative binding sites. 


combine reversibly with one of the complementary binding elements 
of the enzymatic site without possessing any of the other chemical 
binding or reactivity features of the substrate. It is well to note the 
generality of the principle that the rate of enzymatically catalysed 
reactions of homologous substrates R—X will depend on the strength 
(stability) of the potentially reactive R—X bond. Thus potential 
substrates with strong R—X bonds may be overlooked (or considered 
as competitive inhibitors) by assay procedures designed for the study 
of more labile substrates. 
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That chemical forces are involved in the binding of substrate (or 
competitive inhibitor) to the site of a hydrolytic enzyme was first 
implied by the studies of Bergmann, Wilson and Nachmansohn (1950) 
on competitive inhibitors of acetylcholinesterase (Table 5). Com- 
parison of the competitive inhibition constants of methyl ketone 


TABLE 5 
Free Energy Differences in Binding (AAF) and Activation (AAF*) 
between Amides and Esters at 25° 


AAF 


Enzyme | R | 


Acetyl] choline- (1) Nicotinyl- 2-5 
sterase 


Inhibitors 


Trypsin (2) Benzoyl-L-arginyl- 3: 3-5 


a- (3) Acetyl-L-tyrosyl- 4-2 

(4) Acetyl-L-phenylalanyl- 2° 4:8 

(5) Hippuryl-* >2-4T 
(6) Acetyl-p-tyrosyl- | Inhibitors 
(7) Acetyl-p-phenylalanyl- : Inhibitors 


“Methy! ester; are esters. 
+ The rate of amide hydrolysis has not been measured. The rate is less than 2 
per cent of that observed for the ester. 


(compound 3) and amide (compound 2) of Table 3, indicates a dif- 
ference in free energy of binding of 2-1 keal between these two mole- 
cules. The geometrical structures of the two molecules 


are nearly identical. No “‘physical’’ force or sum of forces could 
account for so large an energy difference. The significance of this 
chemical factor in binding to the catalysis mechanism may be 
illustrated by the resultant standard free energy changes accompany- 
ing each process. For the three enzymes «-chymotrypsin, trypsin 
and acetylcholinesterase we may compare the values of Ky or Ky; 
with the values of kp for the specific substrate or inhibitor pairs 
RCO,C,H, and RCONH,. AAF is defined as —RT In (K*t/Kamite) 
and AAF* by —RT In (k*™**/k""); both are listed in Table 5. 
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The contribution of chemical (exchange) forces to the stability of 
the binding complex is illustrated by the pairs of compounds 1—4 
of Table 5. In general, the changes in free energy of activation and of 
binding appear to be related. It should be noted that the Ky or Ay 
values for the amide species of compounds 3-7 (Table 5) do not differ 
by significantly more than a factor of two (by 0-4 keal/mole in free 
energy). This fact is not as surprising as it may appear, if it is noted 
that the mole refractions of these compounds differ very little (the 
molecular weights vary from 178 for hippuramide to 222 for acetyl- 
tyrosinamide). To a good approximation (Pauling and Pressman, 
1945, Nisonoff and Pressman, 1957) the van der Waals’ energy of 
interaction of second row atoms (C, N, O) with such proteins is 
proportional to the atomic weight and equal to about 30 cal/unit 
of atomic weight. If we assume that the hydroxyl of tyrosine is not 
significantly involved in the binding (compare the tyrosine and phenyl- 
alanine derivatives of Table 1) or perhaps more realistically, that 
the van der Waals’ energy gained in the binding of the hydroxyl just 
balances the energy lost by the breaking of a hydrogen bond to water, 
then the amides of Table 4 should not differ by more than approxi- 
mately 0-8 kcal/mole in free energy of binding due to van der Waals’ 
forces. The 0-8 kcal estimate is based on the assumption that the 
entire surface of the substrate is bound to the enzyme. If stereo- 
chemical restrictions exist this energy difference may be still smaller. 
In view of these considerations it appears reasonable to speculate 
that the binding of amides to «-chymotrypsin is primarily governed 
by complementary van der Waals’ forces. The binding of ester species 
however, introduces significant variation in the value of K,,. Thus for 
the same R groups (compounds 3-7) the ratio of K*™“*/K*" varies 
from 3 (hippuryl) to 50 (acetyl-L-tyrosyl). Clearly, another force of 
interaction must be introduced in considering the binding of esters 
to the enzyme. The large binding energy difference between ester 
and amide (compounds 1—4) is suggestive of a chemical or exchange 
force. Examination of the interactions of various esters with the 
enzyme and of the specific hydrolytic rates (Tables 1, 4 and 5) reveals 
that where this additional force of interaction in binding is large, 
the specific rate of hydrolysis of the ester is very large. Thus for 
example the ratio of K3@"**/K¢"" is equal to 4 for hippuryl- and 50 for 
acetyl-L-tyrosyl- and kp for the corresponding esters are 0-27 sec} 
and 200 sec~! (in the same solvent medium). It is also instructive to 
note that the optical isomers of L-amino acid derivatives, which act as 
inhibitors, have smaller ratios of binding constants (of amides to 
esters) than do the reactive L-compounds, the ratio being 50 for 
acetyl-L-tyrosyl- and 3 for acetyl-p-tyrosyl-. 
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The above considerations have led us to the following hypothesis 
concerning stereochemical mechanism. 

(1) “The binding of molecules to the enzymatic site is always 
dependent on the extent of stereochemical complementarity between 
enzyme and substrate.”’ Van der Waals’ forces always play a signifi- 
cant réle in this process; coulombic forces are often important 
(trypsin and acetylcholinesterase). 


TABLE 6 
Binding and Specific Rate Constants for Ester Substrates of 
a-Chymotrypsin 


| 


Substrate x 108 | he (sec™) 


Acetyl-L-tyrosine ethyl ester 200 
Acetyl-D-tyrosine ethyl ester 0 
Benzoyl glycine methyl ester | “2! 0-27 
Benzoyl-t-alanine methyl ester 0-14 
Benzoyl-p-alanine methyl ester | 0 
Acetyl-t-leucine ethyl ester 20 


(2) “The potentiality for the formation of a chemical bond between 
enzyme and a substrate bound to it by the forces considered in (1) 
governs the rate at which subsequent reaction takes place.’’ The 
strength of this bond may influence the strength of binding of sub- 
strate; its occurrence is a necessary condition for subsequent reaction. 
Bound configurations of substrate which do not allow for this chemical 
bond formation may function as strong inhibitors of the reaction. 

(3) “The rates at which two chemical compounds RA—X and 
R’A-X react to form RA-Y and R’A—Y from the bound enzyme com- 
plexesin which the configuration for chemical bonding exists, are essen- 
tially equal.’’ Variation in rate represents variation in the statistical 
concentration-ratio of potentially-reactive to unreactive complexes, i.e. 


DUES], 1+ K*/K, 


where k is the observed rate constant, and k, the specific rate constant 
for the single reactive complex ES* of the j + 1 complexes with 
dissociation constants K,,..., K,, K*. 

The forces responsible for binding in (1) may either lead to greater 
reactivity by decreasing K* relative to any K, or may lead to lower 
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reactivity by decreasing any K, relative to K*. The experimental 


over-all binding constant Ky is given by 

j 


Ky 


where K¥ = K* = k,/k*,. In the limit of K# <> K,;; Ky —> K¥ 


and in the limit of K, <K#, K,,...,K,4; Ky—K,. In the first 
limit, Vmax —> ky and in the second case Vmax — ko(K,/K¥). These 
various possibilities are exemplified by some ester substrates of 
a-chymotrypsin, listed in Table 6. 

a-Chymotrypsin is known to have a specific affinity for hydrocarbon 
rings (tyrosine, phenylalanine, hexahydrophenylalanine and trypto- 
phan), and to catalyse the hydrolysis of compounds of the type 


O 


HNC—R’ O 


(L)-R—C—C 
| 
H x 
When the (L)-R group is a hydrocarbon ring, binding is strong and 
catalysis is rapid (acetyl-L-tyrosine ethyl ester). If the R group is 
replaced by a group with more internal degrees of freedom and less 
surface (acetyl-L-leucine ethyl ester) the binding affinity is greatly 
diminished and the specific rate is somewhat diminished. If the 
benzene ring is situated at the R’ position rather than the (L)-R 
position as in benzoyl] glycine (hippuryl-) and benzoyl! alanine methy] 
esters, strong binding occurs but presumably, most of the complexes 
are of the unreactive type and hence the specific rate constants are 
very small. 
It is interesting to note that the leucine derivative has a structure 
intermediate between that of a poor substrate (alanine) and a good 
substrate (hexahydrophenylalanine). 


C 


| 
H—C—NHR 
| | | 
CH, CH C 
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The significance of the chemical bond between enzyme and sub- 
strate is emphasized when the réle of the attacking reagent is con- 
sidered. As has been stated previously, the binding of hydroxylamine, 
and presumably water, to the enzymatic site does not affect Ky in equi- 
librium situations. Presumably the attack of reagent on the substrate 
represents a later stage in the course of catalysis. Moreover, since a 
binding site has been demonstrated for reactant, and since the 
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Fig. 5. Schematic representation of possible pathways of enzyme— 
substrate reactions during some acy] transfer processes. 


reactions discussed are in principle reversible, it is reasonable to 
assume that the same binding site exists for the product and the reverse 
attacking reagent. An hypothesis of the entire stereochemical process 
is shown in Fig. 5. Essentially the mechanism can be summarized 
by the following reversible steps: 

(1) Formation of a tetrahedrally bonded carbon atom by the addi- 
tion of enzyme to the planar structure 
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The constant Ky, may sometimes include the effect of this new bond 
formation. In other cases it may only include the binding of R by 
physical force interactions. 

(2) The binding of attacking reagent Y: to the enzyme and the 
exchange of Y: for X: by a Walden inversion type mechanism 


x 
(3) The desorption of the tetrahedral enzyme—product complex. 


R O 


= E: + R—C 

The stereochemical model shown in Fig. 4 explains the striking 
stereospecificity requirements for reaction. A molecule with only a 
slight alteration of configuration may be unsusceptible to reaction by 
being incapable of either the formation of the E—COX bond or of the 
exchange reaction of Y: for X, since these chemical processes are both 
extremely short range and geometrically specific. 

Kinetic evidence bearing on the above stereochemical scheme, and 
on the nature of the chemical groups involved is given in the following 
sections. 


Ill. Reactive Groups on CATALyTIC SITES 


1. General Survey 
On first consideration it may appear difficult to identify those groups 
of a protein molecule which are involved in the chemical reaction of its 
enzymatic site with substrate. However, in many cases considerable 
progress has been made toward solving this problem. All the enzymes 
discussed in this review are of a pure protein nature and the reactive 
groups on their surface can be any of the following side chains of 
amino acids as well as any free «-amino and «-carboxyl groups: 
NH 


Arginine —CH,—CH,—CH,—NH—C 


NH, 


Lysine —CH,—CH,—CH,—CH,—NH, 
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Histidine —CH,—C———-CH 


Aspartic —CH,—COOH 
Glutamic —CH,—CH,—COOH 
OH 


| 
Threonine —CH 
| 
CH, 
H H 


Tyrosine—CH,—CH C—OH 


Serine —CH,—OH 
Cysteine —CH,—SH 


The other, non-reactive, hydrocarbon side chains are no doubt 
essential for the structural configuration of the surface of protein 
molecules and play an important réle in the specific initial enzyme— 
substrate combination discussed in the preceding section. The 
reactive amino-acid residues can in many cases be clearly identified 
by their characteristic associations with hydrogen or metal ions or by 
their chemical reactivities. The rdle of such groups in the interaction 
between enzyme and substrate is then determined by correlating 
enzymatic activity with the presence of the specific reagents. Many 
inhibitors and especially hydrogen ions can control both the initial 
(physical) enzyme substrate combination and the various steps of the 
subsequent reaction. In this section we shall show how, in some cases, 
the groups involved in the overall chemical reaction between enzyme 
and substrate have been identified. This is done by working under 
conditions of optimum substrate concentration. 


2. The Effect of Hydrogen Ions 

The importance of ionizable groups of enzyme molecules in their 
catalytic activity was first recognized by Michaelis. Bell-shaped 
curves relating enzyme activity with pH have often been recorded in 
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the literature. It has been pointed out (Gutfreund, 1955a) that such 
pH optima are often spuriously attributed to the limiting velocity. 
In the case of many enzyme reactions the pH-activity curve is S 
shaped and represents the titration curve of a single ionizable group 
on the catalytic site (Hammond and Gutfreund, 1955). In other cases 
genuine bell-shaped activity curves are found indicating the titration 
of an acidic and a basic group on the catalytic site (Hammond and 
Gutfreund, 1959). Several useful treatments of data of this kind 


5 


pH 

Fig. 6. The pH dependence of the trypsin catalysed hydrolysis of 

benzoyl-L-arginine ethyl ester. The velocity v is in arbitrary 

units and the solid line represents the ionization curve for a group 

with pK 6-25. 

have been suggested for the determination of the pA values for 
the ionizing groups concerned (Alberty, 1956; Dixon, 1953). Two 
typical examples are given in Figs. 6 and 7 showing that the relation 
between enzyme activity and pH can often be represented by plots 
which follow very closely the theoretical titration curves of isolated 
ionizing groups. The interpretation of such “‘titration curves’ in 
terms of pX values of an active group on the enzyme and the identifi- 
cation of a particular chemical group with such a pK value has to be 
treated with great caution. It is for instance possible that one ionic 
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species in a buffer system acts as an inhibitor while another species 
does not have this effect and consequently the pH titration of enzy- 
matic activity can indicate the pK of the buffer and not that of an 
active group. It is therefore essential to compare the results of such 
studies in a variety of buffer systems and these are only acceptable 
when similar results are obtained in several of them. 

The pX values of groups of simple amino-acid derivatives are only 
a very rough guide to the identification of such groups on the surface 


i i l 
40 GO 65 f0 75 9-0 
pH 


Fig. 7. The pH dependence of the ficin catalysed hydrolysis of 
© benzoyl-L-arginine ethyl ester, @ methyl hippurate, A benzoyl- 
L-arginine amide, © hippuric amide. The velocity is in arbitrary 
units and the solid line represents a combination of theoretical 
ionization curves for groups with pK, = 8-46 and pK, = 4-40. 


of a complex molecule. Dissociation constants are extremely sensitive 
to the dielectric properties and charges in the neighbourhood of the 
group (Klotz and Ayers, 1957, Tanford, Hanenstein and Rands, 1955). 
Furthermore, as we shall see, there is often something special about 
the interactions of such groups with other groups on the enzyme which 
makes one of them more reactive on the enzyme surface and alters 
their pK values. A good example of the variation of pK with surround- 
ings is given by studies of trypsin catalysed hydrolysis under varied 
conditions. The pH dependence of the trypsin catalysed hydrolysis 
of benzoyl-L-arginine ethyl ester, illustrated in Fig. 6(a), indicates 
pK = 6-25 for a group responsible for the decomposition of the enzyme— 
substrate compound; similar results are also obtained from data of 
studies on casein hydrolysis. Trypsin is a very basic protein, 
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containing a considerable number of lysine groups. It has been shown 
(SriRam et al., 1954) that acetylated trypsin is fully active, but the 
pK of the catalytic group of acetyl trypsin (an acidic protein) is 
7-1. Similarly an increase in the number of positive groups on the 
substrate can shift the pA towards the more acid side. A proper 
interpretation of data given by Watson (1956) for the trypsin catalysed 
hydrolysis of lysyl-lysine derivatives, indicates pK values in the 
region of 5 to 5-5 for the decomposition of the enzyme substrate 
compound, 

In spite of this wide variation of pK with conditions of experiments 
Gutfreund (1955b) has concluded that the catalytic site of trypsin 
contains an imidazole group. Other evidence for this identification is 
summarized by Hammond and Gutfreund (1955). The range of 
pK values found as well as the heat of ionization calculated from 
studies of the effect of temperature on the reaction make it most 
likely that this conclusion is correct. 

The above illustrations are just examples of some of the many 
studies on these lines which have appeared in recent years. More 
detailed treatments and other examples will be found in a review by 
Alberty (1956) and the original treatment of Dixon (1953). 


3. The Effects of Metal Ions 


The activation and inactivation of enzymes by metal ions is a large 
and complex field. An excellent survey of metal ion associations with 
various groups of interest in this connection was recently given by 
Orgel (1958). 

The discussion of results and conclusions from studies of metal 
activation of enzymes will be omitted from this review. The non- 
competitive inhibition as well as the activation of enzyme reactions by 
metal ions gives circumstantial evidence about the nature of the 
catalytic site. Such information obtained from a comparison of metal 
ion concentration, association constants and enzyme activity can give 
useful evidence but it rarely supplies definite proof that one parti- 
cular group is involved in the catalytic action of the enzyme. There 
is one notable exception to this, namely the very specific reaction 
of mercuric ions with sulphhydryl groups. This is important since 
many enzymes have been shown to have an —SH group as part 
of their catalytic site and they are usually inhibited mole per mole 
by such reagents as parachloromercuribenzoate (PCMB). An example 
of the inactivation of the enzyme ficin by PCMB and its reactivation 
by the addition of dimercaptopropanol is given by Hammond and 
Gutfreund (1959). Similar results were obtained for a number of 
hydrolytic and acyl transfer enzymes (Kimmel and Smith, 1954). 
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4. Chemical Labelling of Catalytic Sites 


The practical application of “enzyme poisons’ as chemical warfare 
agents and as insecticides has encouraged many large research groups 
to study the chemical reactions of active groups of enzymes, especially 
of hydrolytic enzymes such as trypsin, chymotrypsin, cholinesterase 
and other esterases. Organophosphorus compounds have proved 
very useful for chemical labelling of specific groups; their chemical 
properties have been reviewed recently (Aldridge, 1956). The reaction 
of ditsopropylphosphorofluorinate (DFP) with chymotrypsin can be 
taken as a typical example. DFP reacts with the enzyme stoicheio- 
metrically by a straightforward bimolecular process, and one mole of 
phosphorus is bound to one mole of enzyme (Jansen et al., 1951). 
Recrystallization and other mild methods of treatment do not remove 
any phosphorus from the phosphorylated inactive enzyme and the 
evidence agrees with the conclusion that the alkyl phosphate is 
chemically bound and not just adsorbed on to the enzyme. **P-labelled 
DFP was used for the identification of the group on the enzyme which 
is phosphorylated during the formation of the inhibited diisopropyl- 
phosphorylehymotrypsin. Both after acid hydrolysis and after enzy- 
matic hydrolysis of DP-chymotrypsin, ditsopropylphosphory] serine 
was identified (Schaffer et al., 1953, 1954) (Cohen et al., 1955). Similar 
results were obtained with trypsin and several esterases and with 
thrombin (Gladner and Laki, 1958). It is important to emphasize 
that though chymotrypsin has twenty-six serine residues per molecule 
the —OH group of only one of these becomes phosphorylated during 
the reaction with DFP. Furthermore, under homogeneous conditions 
serine-OH does not react with DFP. In a previous section it 
has already been pointed out that an imidazole group of histidine 
is also implicated in the catalytic action of some hydrolytic 
enzymes. A proposed scheme for the concerted action of serine-OH 
and histidine imidazole in some enzymatic processes will be described 
later. 

Very similar results to those just described were found by different 
methods in studies of various phosphatases and phosphate transfer 
enzymes as for example with phosphoglucomutase by Koshland and 
Erwin (1957). The enzyme was incubated in the presence of glucose- 
1-82P and glucose-6-**P; %*P-labelled peptides could be isolated from 
a subsequently prepared enzyme hydrolysate and these contained 
serine. Although phosphoserine has not yet been isolated from such 
preparations it is very suggestive that in this enzyme too the acylation 
of a serine group may occur during enzyme-substrate compound 
formation (Kennedy and Koshland, 1957). 
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It has been found that the sequences of amino acids near the active 
seryl residue are the same in all those acyl transfer enzymes which 
react with DFP to give DP-sery] residues: 


... glycyl—aspartyl—seryl—glycyl—... 
| 


DP 


Studies with Sanger’s reagent DNFB (Sanger, 1945) have also given 
information about the role of a number of groups on enzymes (Hartley, 
1954). Whitaker and Jandorf (1956) have shown that under appro- 
priate conditions the reaction of DNFB with the histidine of chymo- 
trypsin is proportional to the inactivation of the enzyme. When the 
inactive precursor chymotrypsinogen reacts with DNFB the histidines 
are inert, and fully active chymotrypsin can be prepared in the usual 
way from DNP-chymotrypsinogen. In this way chemical methods 
have also shown that the imidazole of histidine is involved in the 
catalytic action of some hydrolytic enzymes. 

The identification of sulphhydryl groups, by their characteristic 
interaction with mercuric salts, has been mentioned in the preceding 
section. The inhibition of sulphhydryl enzymes by p-chloromercuri- 
benzoate as well as by iodoacetate should be mentioned here as further 
examples of the chemical identification of groups of catalytic sites. 

For several enzymes which have been studied in detail it has been 
found that at least two groups are concerned with the catalytic 
action, serine-OH and histidine imidazole acting jointly in some, and 
cysteine-SH and a free COOH group in others. The implications of 
such joint actions in the chemical mechanism and kinetic efficiency of 
some enzyme catalysis processes will be discussed in the next section. 


IV. THe Kinetic ANALYSIS OF REACTION SEQUENCES 


Various physical and chemical interactions have been shown to occur 
during the reactions of enzyme with substrate in any one system. It is 
important to develop methods which allow one to determine the 
sequence and relative rates of the individual steps. The overall 
steady state rate of formation of product, 


E + (ES), == (ES), >... E 


-1 
can be controlled by one rate constant if this is much smaller than all 
the others. Often, however, the steady state rate constant k is given 
by 
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The initial enzyme substrate combination, characterized by k,, is 
the only second order step and can easily be excluded from rate 
determination by use of increased substrate concentrations. 

For the determination of individual constants, which make up the 
overall rate, pre-steady state techniques have to be used. There are 
two different approaches to the study of enzyme reactions by observa- 
tion of the pre-steady state during the first few hundred milliseconds 
after mixing enzyme and substrate. First the spectroscopic observa- 
tion of coloured intermediates and secondly the analysis of the initial 
acceleration of enzyme reactions (Gutfreund, 1955c). For a description 
of technical details of the apparatus involved in such experiments 
reference should be made to various discussions by Chance (1951) 
and Gibson and Roughton (1955). 

In the case of the pure protein enzymes discussed no spectral 
changes of the enzymes have so far been observed during the reaction 
sequence, and colour changes due to certain substrates and to pH 
indicators have been used to follow the early stages of hydrolytic 
reactions (Gutfreund, 1955c). The kinetic analysis of pre-steady 
state data of some enzyme catalysed hydrolysis reactions are given 
in detail elsewhere (Gutfreund, 1955c, Gutfreund and Sturtevant, 
1956). Here we shall only briefly review some of the important 
conclusions which have been deduced from such experiments. 

In the reactions of trypsin and chymotrypsin with their specific 
substrates the initial enzyme substrate combination was found to be 
very fast: k, > 10®°1M~-!sec-!. When chymotrypsin reacts with 
special substrates such as nitrophenyl esters, two reaction steps 
subsequent to the initial combination could be observed. The first 
of these involved the acylation of the enzyme and the liberation of 
nitrophenol, and the second one the hydrolysis of the acyl enzyme to 
free enzyme and acid. It could be shown that the ionizable group 
of the catalytic site of the enzyme is not acylated during this process 
but that its pA is increased by about 0-6 units when the enzyme is 
thus acylated (Gutfreund and Sturtevant, 1956). It has been shown in 
a previous section that both serine-OH and histidine imidazole are 
essential components of the catalytic site, and one can draw the 
conclusion that in the active enzyme these two groups are hydrogen 
bonded to each other. This would make the serine-OH especially 
reactive for acylation; on acylation and breaking of the hydrogen 
bond the pK of the histidine imidazole is raised. It is essential 
that the imidazole group is in its basic form for both the acylation of 
the catalytic site and for the subsequent hydrolysis reaction. 

It is to be expected that such stepwise reactions of different 
substrates with one enzyme can be controlled by different rate- 
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determining steps. In the reactions of chymotrypsin with acetyl-L- 
tyrosine ethyl ester and acetyl-L-tyrosine amide the acylation of 
the enzyme should be much faster in the case of the former substrate 
which is more reactive with nucleophilic reagents. It was found by 
Gutfreund and Sturtevant (1956) that the different pH dependence 
of the rate of hydrolysis of the ester and amide substrates suggests 
that in fact the formation of the enzyme-substrate compound is rate 


TABLE 7 


Kinetic constants for the chymotrypsin catalysed hydrolysis of three tyrosine 
derivatives. The observed Michaelis constant for the overall reaction (Km), 
is given as M and the rate constants in sec™}. 


Compound (Km), ky ky k 


N-benzoyl-tL-tyrosine amide 2-5 x 10-8 0-24 300 0-24 
N-benzoyl-L-tyrosine ethylester 1-2 « 600 300 200 
N-carbobenzoxy L-tyrosine 3-2 x 10-5 - 1000 300 300 


nitrophenyl ester 


determining for the amide reaction while the decomposition of 
the enzyme-substrate compound is rate determining for the ester 
hydrolysis. 

Recent studies by Gutfreund and Hammond (1959) of the reactions 
of chymotrypsin with carbobenzoxy-L-tyrosine nitrophenylate gave 
further evidence for the three step mechanism proposed above. The 
results of these experiments also allowed a comparison of the indivi- 
dual rate constants of the formation and decomposition of the 
enzyme-acyl compound for different tyrosine derivatives (see Table 7). 
The overall rate constant or turnover number is k, k, and k, have the 
role indicated in the above scheme. The value for k, for the reaction of 


the ethyl ester is calculated from — = — + —. 
& 


Ficin and papain, two very similar plant enzymes, which catalyse 
the hydrolysis of amino acid acy! derivatives, have an —SH group and 
a COO- group on their catalytic site (Bernhard and Gutfreund, 
1956, Stockell and Smith, 1957). It is likely that the sequence of 
events in reactions catalysed by these enzymes is similar to that 
described above and that the co-operation between —SH and COO- 
is analogous to that postulated for the catalytic sites composed of 
—OH and imidazole. However, ficin and papain hydrolyse esters 
and amides with the same overall rate. One can draw two conclusions 


146 S. A. BERNHARD and H. GuUTFREUND 


from this. First that a common enzyme-substrate intermediate 
compound must be found during the reactions with the two sub- 
strates, and secondly that this intermediate must be sufficiently 
stable so that its slow decomposition is rate determining for the 
hydrolysis of both substrates. 


V. ProposED REACTION MECHANISMS AND ENZYME EFFICIENCY 


It has been stressed that several separate steps occur in enzyme 
reactions. A division into enzyme-substrate combination and sub- 
sequent chemical transformations of the enzyme-substrate compound 
is helpful in an analysis of the efficiency of enzyme catalysis. The 
first step binds the substrate on the enzyme in the correct position 
for the catalytic group or groups of the enzyme to interact with 
stereospecifically correctly aligned atoms or groups on the substrate. 

The answer to the question of enzyme efficiency should tell us, in 
the case of pure protein enzymes, why the reaction of the substrate is 
more rapid in the presence of the enzyme than in a solution containing 
the appropriate mixture of amino acids. A rigid structure is necessary 
to arrange the amino acid side chains in the right configuration on the 
surface of the enzyme molecule to give specific binding sites of the 
types discussed for different systems in several sections above. 
Furthermore, the reactive groups on the enzyme surface (—SH, 
—OH, NH,, COOH, guanidine and imidazole) can change their pro- 
perties considerably if surrounded by groups with appropriate ionic 
or electronic properties. Examples will be given below which show 
that the reactivities of amino acid derivatives associated with protein 
molecules can be very different from those of the same amino acid 
derivatives in free solutions. These reactivities are a consequence of 
the specific structures of enzyme substrate compounds. 

The contribution of the first kind of specificity—involved in enzyme 
substrate combination—to the mechanism by which enzymes acceler- 
ate the rates of reactions has been discussed in two recent essays from 
different but equivalent points of view. Koshland (1956) calculated 
the contribution of binding the reactants in strategic positions on the 
enzyme surface in terms of an increase in collision frequency. He 
concluded that the increase in collision frequency could not alone 
account for the increase in the rate of enzyme catalysed over the 
uncatalysed reaction. One of the present authors showed formally 
(Gutfreund, 1957) how the binding energy of the initial enzyme- 
substrate combination in hydrolysis reactions reduces the energy of 
activation of the subsequent catalytic reaction. It can be concluded 
that the initial binding step contributes to the efficiency of enzyme 
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catalysis, though it is not alone sufficient to account for the increase 
in rates over those of uncatalysed reactions. Specific orientation of 
the catalytic groups is also required to account for the full efficiency of 
enzyme action. Experimental results which have accumulated during 
the last few years allow one to extend this hypothesis in certain special 
cases which may be of general validity. Several enzymes catalysing 
hydrolysis reaction have been shown to have a catalytic site composed 
of two reactive groups, one of them a proton donor, the other a proton 
acceptor. The specific orientation of two groups on the catalytic site 
in relation to the bonded substrate can have two types of effects 
depending on the right structural relationship between all the reactive 
groups on the enzyme and substrate molecule. It is possible for two 
strategically placed groups to activate each other. It has been postu- 
lated for example, that in trypsin, chymotrypsin and other similar 
hydrolytic enzymes a hydroxyl group of serine is acylated by the 
substrate and that this specific serine residue of the enzyme is 
more reactive than serine in homogeneous solution because it is in 
close connexion (hydrogen bonded) with an imidazole group of 
histidine. There is another well known example of a marked difference 
in reactivities between serine derivatives coupled to protein and in 
free solution. o-Phosphoserine is quite stable in slightly alkaline 
solutions while under identical conditions the phosphate groups are 
readily removed from the serine hydroxy! residues of casein. It has 
been pointed out above that the acid strength of the ionizable reactive 
groups of the enzyme-substrate compound are determined by their 
specific surroundings in this compound and this in turn determines 
their reactivities. It is thus possible for the various groups brought 
into proximity in the enzyme-substrate compound to influence the 
subsequent reactions. 

The specific orientation of two groups on the catalytic sites of 
enzymes can also cause independent but supporting action at two 
points of the substrate as for example in push-pull hydrolysis 
mechanisms. 

It is possible that hydrolysis and acyl transfer reactions, catalysed 
by enzymes with active sites of the type described above, react with 
different substrates via somewhat different mechanisms. Thus it has 
been shown that during the reactions of some hydrolytic enzymes with 
labile substrates, like nitrophenyl esters and acid anhydrides, acylated 
enzymes occur as intermediates. With less labile substrates like 
alkyl esters and amides the evidence for an acylated enzyme inter- 
mediate is only of a circumstantial nature, though in the case of ficin 
and papain the circumstantial evidence for such an intermediate is 
very good. Other intermediates of acyl substrates with catalytic sites 
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can be postulated. We should like to propose two possible mechanisms 
illustrated in Fig. 5 for chymotrypsin-like enzyme with a serine-OH 
and an imidazole group as catalytic site, and for ficin-like enzymes 
with cysteine-SH and—COOH~ as catalytic site. One pathway goes 
via a distinct enzyme—acyl compound, while the other does not. For 
a series of substrates with different electronic properties of the labile 
bonds, one may get differences in degree of likeness to one rather 
than the other mechanism. 
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Fig. 8. 


A number of more detailed schemes have been proposed for the 
mechanisms of reactions of this type. Hammond and Gutfreund 
(1959) have shown that apart from the carboxyl and SH groups, 
previously identified as part of the active site of ficin, a group with 
pA = 8-46 is positively charged on the active enzyme. From this 
information and studies with different substrates they propose the 
sequence of events represented in Fig. 8. This is an extension of the 
general scheme outlined above and may be applicable to a number of 
—SH acylated enzymes. 

Further details of the reaction path of serine-OH acylated enzymes 
(trypsin, chymotrypsin, cholinesterase, phosphoglucomutase, throm- 
bin, etc.) might be revealed when we have elucidated the role of the 
aspartyl carboxyl group which is found next to the active serine 
residue in each of these enzymes. It is obviously very much easier 
to propose possible mechanisms than it is to design experiments which 
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demonstrate their participation in enzyme reactions. In this connex- 
ion a recent proposal by Rydon (1958) is of interest. He suggests 
that the reason for the special reactivity of one out of a large number 
of the serine-OH groups on enzyme molecules is due to their inter- 
action with the neighbouring aspartyl carboxyl group to form a 
A?-oxazoline. 

It has been demonstrated that most hydrolytic enzymes catalyse a 
large variety of transfer reactions and that hydrolysis is just a special 
case of transfer to water (Morton, 1953) (Durell and Fruton, 1954). 
One of us (Gutfreund, 1957) has recently pointed out that the relative 
stability of enzyme acyl compounds could be correlated with the 
efficiency of acyl transfer of different enzymes. It can also be postu- 
lated that such enzyme-acyl compounds are “energy-rich”’ in the 
way in which this term is used for a high transfer potential of acy! 
metabolites. 

In this discussion of certain types of enzyme mechanisms only a 
small number of many similar systems and reactions have been 
discussed and only a small portion of all the methods which have 
been applied to their study are described. Other discussions of similar 
enzyme reactions have been presented by Koshland (1953). Further 
work on the analysis of the stepwise reactions of enzymes with acy] 
derivatives, and especially with phosphate esters, is in progress. 
It is to be hoped that when several more enzymes are characterized 
in detail one will be able to generalize with more assurance. It will 
be especially interesting to have the kind of detail which can be 
obtained from the pre-steady state fast reaction techniques for a 
number of reactions responsible for the transfer of various acy] 
derivatives along biological pathways. 


VI. SuMMARY 


Recent advances in the elucidation of details of the mechanisms of 
enzyme action now enable one to discuss many such processes in 
terms of chemical reactions. In the case of pure protein enzymes, 
which do not require prosthetic groups or co-enzymes for their 
activities, it has been helpful to divide the interaction between enzyme 
and one or more substrates into several distinct steps. The kinetics 
of hydrolysis and acyl transfer catalysed by enzymes shows that an 
initial enzyme substrate combination precedes the chemical reaction 
between the catalytic groups of enzymes and their substrates. The 
former step is largely responsible for the enzyme specificity and is a 
diffusion-controlled adsorption. Though it is not always possible 
to separate the effects of the two steps completely there are a number 
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of ways of demonstrating their independence and then of discussing 
in detail first the binding site and enzyme specificity and secondly 
the identification and mode of action of the catalytically active groups. 

If it can be established that in a particular enzyme-—substrate 
reaction the Michaelis constant A, is an equilibrium constant 
characterizing the initial specific adsorption then it becomes possible 
to study the energetics and mechanisms of this process in terms of 
thermodynamic concepts. 

For a number of enzyme systems it has been possible to identify 
the groups of the catalytic site by chemical and physical means. 
So far, it has always been found that pairs of groups form catalytic 
sites. Two such pairs, serine-OH plus histidine imidazole, and 
cysteine-SH plus a carboxylate ion, have been found in a number of 
hydrolytic and acyl transfer enzymes. The chemical mechanisms of 
the reactions of such catalytic pairs with a number of substrates 
can be described in two ways which differ in degree to which a firm 
chemical compound between enzyme and substrate exists as an 
intermediate. 

The efficiency of enzyme catalysis can then be explained in terms of 
two contributions: First, the specific binding of substrate brings its 
reactive part within close proximity of the catalytic site, and secondly, 
the structural configuration of the catalytic site is such that pairs of 
groups such as mentioned above are in a suitable position for co- 
operative action. 
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OXYGEN TENSION AND 
OXIDATION-REDUCTION POTENTIALS 
IN LIVING TISSUES 


D. B. Cater 


I. InrTRODUCTION 


THE understanding of oxidation in biological systems requires at 
least three physical measurements—oxygen tension, oxidation-reduc- 
tion potential, and pH. Emphasis must be laid on the importance 
of oxygen tension, the partial pressure of oxygen which is in equili- 
brium with the oxygen in solution. It will be one factor, and probably 
an important one, controlling the rate at which oxidation will proceed 
in the cell. The oxidation-reduction potential of a system gives a 
measure of the tendency of that system to become oxidized or 
reduced. The pH of the system must be known for the oxidation- 
reduction potential to have precise meaning. The level of pH will also 
influence the rate of many enzyme-controlled reactions, and will alter 
certain equilibrium values. 

The oxidation-reduction potentials of many oxidizable substrates 
in the tissues lie very close to that of the hydrogen electrode. The 
potential of the theoretical oxygen electrode is 1-2 V more positive. 
This potential difference of 1-2 V between oxygen and substrate is 
bridged by several oxidation-reduction systems. Or in other words, 
the oxidation of substrates takes place in a number of stages, working 
at different levels of oxidation-reduction potential. A few of these 
stages are truly reversible systems in the thermodynamic sense and 
will provide energy which can be adapted to perform mechanical, 
osmotic, chemical, or electrical work. There are at least two contri- 
vances which can be made into a reversible reaction engine, one is the 
semipermeable membrane and the other is the galvanic cell. In the 
body, both these devices are used. 

If we consider any of the many chemical reactions in the body 
capable of working reversibly as part of a galvanic cell, then the loss 
of an electron constitutes an oxidation and the gain of an electron is a 
reduction. The loss of an atom of hydrogen from a molecule is an 
equally valid oxidation. By our convention, we usually conceive of a 
reducing substance representing a certain equivalent pressure of 
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hydrogen or a certain oxidation-reduction potential. This will be the 
potential difference between a noble electrode in equilibrium with 
the substance in question and a noble electrode in equilibrium with 
one atmosphere of hydrogen at pH 0. Our convention is to a certain 
extent unfortunate because from the standpoint of thermodynamics, 
the substrate is the substance with the high energy, represented, 
if you like, by a high pressure of electrons, and the oxygen is the low 
energy sink to which the electrons flow. Oxygen is the electron 
acceptor functioning thermodynamically like the condenser of a 
steam engine, yet all our early chemical, biological and physiological 
training has instilled into us exactly the reverse conception, namely 
that oxygen is the active driving force of chemical and biological 
oxidation reactions. 

In this review, the various methods which have been used to 
measure the oxygen tension, pH and oxidation-reduction potential of 
living tissues, will be discussed with particular reference to the 
measurement of all three variables at the same time (Cater ef al., 
1957a, b, and c). The basis of these experiments was the use of the 
oxygen-cathode to measure oxygen tension, platinum or gold elec- 
trodes which are sensitive to oxidation-reduction potentials and to 
pH, and the glass-electrode which is sensitive only to changes of pH. 


Il. MEASUREMENT OF OxyYGEN TENSION 


1. The Methods Available 


(a) Tonometery. Krogh (1908a, b) in his classical researches on 
oxygen tension in arterial and venous blood allowed a tiny bubble of 
gas to come into equilibrium with blood flowing through his micro- 
tonometer. The bubble was subsequently withdrawn into a fine 
capillary tube, its volume measured, and it was then subjected to gas 
analysis using potassium hydroxide followed by alkaline pyrogallol. 
Comroe and Drippe (1944) used essentially this method to investigate 
the oxygen tension gradient between alveolar air and arterial blood 
in normal human subjects. Refinements of the bubble technique have 
been used by Dr. L. H. Gray and his colleagues using a Hersch cell 
for measuring the oxygen content of the bubble. The bubble 
technique suffers from certain inherent disadvantages because of the 
time required to establish equilibrium with the gas phase in the bubble 
and the care with which the bubble must be handled, measured and 
analysed. Rahn (1957) has shown that the pressure in a gas pocket is 
near atmospheric but the sum of the partial pressures of the gases in 
the tissues is 700 mm Hg. However the pressure of O, and CO, in 
the bubble will be very near those calculated for the tissues. A gas 
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pocket soon modifies the surrounding tissues which become vascularized 
so that the pressure of O, approximates to that in venous blood. 

(b) Gasometric method. Until recently, in most clinical studies of 
oxygen tension in blood, a standard gasometric determination has 
been made of the oxygen content of the blood upon withdrawal, 
compared to the content when equilibrated with air. The oxygen 
tension is found from the dissociation curve of whole blood for oxygen. 
This method is very inaccurate for arterial blood as a 2 per cent 
increase from 93 to 95 per cent of the oxygen saturation of the blood 
is equivalent to a big rise (from 65 to 80mm Hg) in the oxygen 
tension. Roughton et al. (1944) pointed out that the total oxygen 
capacity of the blood as determined an hour after withdrawal was 
an overestimate by as much as 2 per cent because of three factors—(1) 
sedimentation of corpuscles, (2) the conversion of traces of carboxy- 
haemoglobin to oxyhaemoglobin, and the in vitro oxygenation of a 
fraction of the haemoglobin inactive in vivo. 

(c) Oximeter (spectrophotometric method). Kramer (1935), Kramer 
and Sarre (1935a, b,c) transilluminated blood vessels and made 
photoelectric measurements of the red and near infra-red. They used 
the different absorbtion spectra of the reduced and oxidized haemo- 
globin to estimate oxygen tension. Kramer’s method was adapted 
by Matthes (1935) and Matthes and Gross (1939a, b, c, d, e) and forms 
the basis of the oximeter of Millikan (1942). A miniature lamp trans- 
illuminates the ear, warms it and flushes it. The light from the ear falls 
on the two selenium barrier-layer photo-cells. One has a green/yellow 
Wratten No. 61 filter passing a spectral band equally absorbed by Hb 
and HbO, and thus providing a means of measuring the total haemo- 
globin in the optical path. The other photo cell has a Wratten No. 29 
filter passing a band from 620 to 680 my. This red end of the spectrum 
is absorbed more by haemoglobin than by oxyhaemoglobin. This 
oximeter has been modified by Goldie (1942), Hartmann, Behrmann, 
and Chapman (1948), Wood and Geraci (1949) and Sekelj, Johnson, 
Hoff and Schuerch (1951). Wood and Geraci introduced a pressure 
capsule to render the ear bloodless for calibration. Drabkin and 
Schmidt (1945) made continuous spectrophotometric observations in 
anaesthetised dogs on the arterial blood circulating through a small 
chamber. There is no doubt that the spectrophotometric method has 
many clinical applications, it also has certain severe limitations. 
Only the oxygen content of arterial blood can be measured. The 
oxygen tension of arterial blood can only be measured within the 
limits set by the oxygen dissociation curve, i.e. the oxygen tension in 
blood when oxygen is breathed could not be measured. It is not 
possible to measure the oxygen tension in the tissues. In patients 
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suffering from arterial hypoxia the assumption that the haemoglobin is 
fully saturated when oxygen is breathed is no longer valid and cannot 
be used as a basis of calibration. Wood and Geraci claim to have 
surmounted this difficulty by their bloodless-ear method of calibra- 
tion and claim that 95 per cent of their determinations are within 
+5 per cent of simultaneous determinations of the oxygen content of 
arterial blood by the Van Slyke method. 

(d) Equilibration method. Baumberger and Goodfriend (1951) have 
devised a method of measuring the arterial oxygen tension by equili- 
bration through intact skin, but the time required to establish equili- 
brium is 15-60 min. 

(e) The oxygen-cathode method. The “oxygen electrode” was 
discovered by Danneel (1897-8) while working in Nernst’s laboratory. 
He showed that if a small potential was applied to platinum electrodes 
in an aqueous medium, electrolysis of the dissolved oxygen occurred 
and the current which flowed was approximately proportional to the 
oxygen tension. The method was applied to the study of oxygen 
exchange in plants by Blinks and Skow (1938a). Davies and Brink 
(1942) used recessed platinum electrodes for quantitative measure- 
ments of oxygen tension in animal tissues. They could make one 
observation every 5-20 min. They also experimented with flush-type 
electrodes with which they could follow rapid changes of oxygen 
tension, but found this type of electrode to be much more variable than 
the recessed type. 

Tobias and Holmes (1947) experimented with flush-platinum wire 
electrodes; Hill (1948) used a capillary-flow type of electrode to 
measure the effect of oxygen tension on the rate of respiration of 
frog’s muscle. Montgomery and Horwitz (1950), Montgomery (1957) 
measured the oxygen tension in the skin of patients, and Urbach 
and Peirce (1950) measured the oxygen consumption of the skin by 
observing the rate of fall of oxygen tension when the skin was blanched 
by raising the tip of the electrode. Penneys (1952), using several 
uncalibrated electrodes, followed the changes of oxygen tension in the 
skin and compared these with the arterial oxygen saturation measured 
with a Millikan oximeter. Penneys and Montgomery (1952) used a 
similar technique to study the time taken for oxygen to diffuse from 
capillary to electrode. Morgan and Nahas (1950) measured the oxygen 
tension in drawn samples of blood using a rotating platinum electrode 
and Longmuir (1954) used a rapidly rotating gold electrode to measure 
the effect of oxygen concentration on the respiration rate of bacterial 
cultures. Harris and Barclay (1955) and Harris (1956) used a platinum 
electrode to measure oxygen tension and oxygen consumption of cells 
in tissue culture. Cater et al. (1957a, b, c) followed the changes of 
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oxygen tension in tumours, brain, muscle, and lactating mammary 
gland, during the administration of oxygen, radiosensitizers, radio- 
protectors, and various hormones. Cater et al. (1959) described the 
calibration conditions necessary to make the oxygen-cathode method 
quantitative. 


2. The Theory of the Oxygen-Cathode 


(a) The nature of the reaction at the electrode. When oxygen is 
electrolytically reduced at the cathode there is the possibility of 
either a two- or a four-electron reaction 


2H+ + O, + 2e > HO, 
H,0, + 2e > 20H- 


Laitinen and Kolthoff (1941) had evidence for a 2-electron reaction 
because this gave a value of 2:38 x 10~° for the diffusion coefficient 
of oxygen when calculated from the measurement of the current—a 
value in agreement with other available estimations of the constant. 
They also detected the presence of hydrogen peroxide chemically. 
Davies and Brink (1942) observed a 4-electron reaction with one 
platinum electrode and a 2-electron reaction with a similar electrode 
in which the recess was filled with agar. Hill (1948) using a platinum 
capillary-flow electrode found a 4-electron reaction; and Longmuir 
(1954) using a 1-5mm spherical gold electrode rotating at 1300 
rev/min found that the 4-electron reaction went almost to completion. 
He obtained values of 3-8 and 3-69, about a tenth of the H,O, made 
by the 2-electron reaction remained in solution. Kolthoff and Jordan 
(1952) suggested that the following reactions take place at the electrode 


O, +e—> OF 


+ H,0O, OH- + O, + OH 
OH + e— OH- 


Reaction (6) is faster than reaction (4). 

Kolthoff and Miller (1941) using a dropping mercury electrode 
showed that reaction (1) was unaffected by pH and was therefore 
not reversible. They also found that hydroxyl ions were formed at 
the electrode by reaction (2) and would combine with lead or cadmium 
ions to form a coat of metallic hydroxide on the electrode. 

(b) Theory of linear diffusion. When oxygen is electrolysed at a 
platinum electrode by a small applied potential, the electrode reaction 


(2) 
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reduces the concentration of oxygen at the surface of the cathode to 
a constant value negligibly small compared with the concentration 
in the body of the solution. The current which flows will depend on 
the rate of supply of oxygen to the electrode surface. In the case of 
oxygen this will depend almost entirely upon diffusion (because 
oxygen is uncharged and its dipolar moment with such low voltages 
can be disregarded, therefore the electrical migration of oxygen in 
salt solutions will be negligibly small). 

With the recessed electrode of Davies and Brink the oxygen will 
diffuse along the glass capillary to the platinum surface. Under these 
conditions of linear diffusion, the number of moles of O, (dN) which 
diffuse across a given cross-sectional plane of area A cm? in the 
short interval of time dt is proportional to the concentration gradient 
dC/dx at the plane and may be expressed as Fick’s first law: 

dN = DA dt 
Ox 
where D is the coefficient of diffusion. 

Fick’s second law gives the change in concentration with time, at 

the given plane, at a given instant 
aC eC 
Ca? 

Under the conditions which hold for linear diffusion up to a plane 
microelectrode situated at the top of a capillary tube, the electric 
current which flows will depend on the oxygen concentration gradient 
at the electrode surface (x = 0). At the time the potential is applied 
(t = 0) the concentration of oxygen at the electrode surface (C,) will 
equal the concentration in the solution (C). After the potential is 
applied C, will rapidly approach zero. Under these conditions equa- 
tion (9) becomes 


..(9) 


2 2/2 Vv Dt 

=C | exp (—y?) dy 
Where C,, is the concentration of the oxygen at a distance x from the 
electrode at time ¢, C is the initial concentration and y is a variable 
of integration. The concentration gradient on which depends the 
flux of oxygen on to the electrode (and therefore the current) will be 
very great immediately after the potential is applied, but gradually 
approaches zero as t becomes great. The current at any instant is 
derived from equation (8) and is given by 

oC 


y= 
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where F is the faraday (96,500 C) and n the number of faradays used 
per mole of electrode reaction. 
This becomes 


D 
at 


when the value for (dC/dx),_) is obtained from equation (10) by 
differentiating when x = 0. 

Equation (12) shows that i,/f is a constant and Laitinen and 
Kolthoff (1939) showed this to be true by oxidation of the ferro- 
cyanide ion. Davies and Brink (1942) found that their recessed 
electrodes obeyed equation (12) as long as the oxygen concentration- 
gradient was confined to the recess. After the concentration-gradient 
reached the mouth of the capillary the current levelled off to a steady 
value. 

(c) Theory of spherical diffusion. If we consider oxygen diffusing 
on to a spherical electrode of radius ry, from equation (8) the number 
of moles which diffuse through the surface of any surrounding sphere 
radius r will be 


and the analogue of equation (9) for spherical diffusion can be shown 


to be 
oC eC 2 
at (5 (14) 
see Kolthoff and Lingaine (1952). 
Integrating equation (14) under the same conditions as used for 
equation (10) 


Or, 

C,4= O(1 + - exp (—y”)dy ....(15) 
\ r rv 

The electrical current will depend on the flux to the electrode and this 


depends on the concentration gradient of r =r,. Differentiating 
equation (15) it can be shown that for values of t > 0 


1 
= nF DC sori( 
(16) 
Kr 
If these two expressions are evaluated using the known values of C 
and D for air-saturated saline at 25°C the value of the second term of 


or = Krot+ 
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equation (17) will fall off with time but its importance will depend on 
the size of the electrode. For a sphere of 1 mm in diameter the terms 
become equal after 100 sec and the second term becomes 1/10 after 
10,000 sec. For a sphere of 0-1 mm diameter the terms become equal 
after 1 sec and the second term is a tenth at 100 sec; and for a sphere 
of 10 uw diameter the second term is already a tenth at 1 sec. It is 
clear that the steady state is rapidly established if the electrode is 
small. 

(d) Comment. The advantage of the recessed electrode is that it per- 
mits only linear diffusion which allows strict mathematical analysis, see 
equation (12). The measurement is not affected by convectioncurrents 
in the external solution, and is independent of the diffusion coefficient 
beyond the orifice (D may be different in the tissues). The disadvan- 
tages of the recessed electrode are the long equilibration period (5 to 
20 minutes) between successive readings, and that the current 
measurement must be made at the exact time-interval after applying 
the potential. 

The advantage of the spherical electrode is that it allows mathema- 
tical analysis and that a steady state of spherical diffusion is reached. 
It is not possible to prove equation (16) experimentally because 
convection currents are set up. Rapid rotation of the spherical 
electrode however will produce a steady state in which the diffusion 
layer is very thin. 

The flush ended electrode (in effect a flat disk) has many practical 
advantages, can be made and maintained easily, and attains a steady 
state: but the current is dependent on the diffusion coefficient and 
diffusion path and is altered by convection currents and by the 
utilization of oxygen by the electrode; also no strict mathematical 
analysis is possible. Cater et al. (1959) find that 315 uw diameter flush 
electrodes rapidly attain the steady state, and that the value of the 
current is given approximately either by equation (12) with 1/(1/t) 
eliminated 


nFO2nr3,| 


or by assuming hemispherical diffusion, at the steady state from 
equation (16) and that the disk is half the surface area of the hemi- 
sphere 


t, = nFCar,D 


This agreement was obviously fortuitous, but the experimental 
results with electrodes of different sizes were in good agreement with 
values calculated by equation (19). 
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3. Apparatus and Techniques for measuring Oxygen Tension with the 

Oxygen-cathode 
The oxygen-cathode technique was used in its simplest form by 
Blinks and Skow (1938a). A small glass tube lined with a piece of 
marine alga was filled with sea-water. They first used a dropping 
mercury electrode, but later replaced this with a coil of platinum wire 
as the cathode and a calomel electrode as anode. The current was 
measured by a sensitive galvanometer in series with the electrolytic 
cell and potential source. Technical development of the oxygen- 
cathode has proceeded along three lines, (a) electrode design, (b) 
methods of current measurement, (c) the problem of the anode. 

(a) Electrode design. A great advance was made by Davies and 
Blink (1942) with the introduction of the recessed electrode. Un- 
fortunately, for measurement in animals this had to be discarded in 
favour of the flush type of electrode. They made electrodes of various 
sizes down to 25 « diameter platinum wire. For their measurements 
of oxygen tension in brain Davies and Rémond (1947) designed a most 
elegant flexible electrode consisting of a thin wire of antimony 
insulated by a fine glass capillary, the tip of which rested on the 
arachnoid over the cortex. Montgomery and Horwitz (1950) used 
0-2 mm platinum wire insulated with glass and ground off to a 45° 
bevel. Inch (1954) ground a conical “‘pencil point” on platinum wire 
sealed into glass. He discussed some of the problems associated 
with the method (Inch 1955, 1956, 1958). The flow-electrode of Hill 
(1948) consisted of a 2 cm length of 60 « diameter platinum wire in a 
fine glass capillary through which the solution flows at a constant rate. 
Reeves, Rennie and Pappenheimer (1957) also used a flow-chamber 
oxygen electrode for measuring the oxygen tension of urine. The 
rapidly rotating spherical gold electrode used by Longmuir (1954) 
is ideal for measuring oxygen tension in bacterial suspensions. Cater 
(1954), Cater and Phillips (1954), Cater et al. (1955, 1957a) used 
platinum or gold wire 0-315 mm in diameter insulated with Araldite 
985 E. baked on in successive coats. Cater et al. (1959) described how 
these electrodes could be adapted for measurements of oxygen tension 
in blood and bone marrow. It is possible to grind reproducible ends 
on these electrodes which ensures that they present a clean metallic 
surface. There is obviously still room for improvement in electrode 
design. Probably the ideal would be an electrode presenting a small 
hemispherical surface 25 yu or less in diameter, but it must be perfectly 
insulated and robust enough for insertion. It is also probable that a 
short length of 25 uw diameter platinum-iridium wire protruding from 
a glass capillary tube would give good results. The author has used 
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such electrodes for measuring oxidation-reduction potentials for which 
they were found to be very satisfactory. 

(b) Current measurement. Following Blinks and Skow several 
workers have used a highly sensitive galvanometer as the sole current 
measuring device (Montgomery and Horwitz (1950), Penneys (1952), 
Penneys and Montgomery (1952). Davies and Brink (1942) used it for 
their larger electrodes. Harris and Barclay (1955) used the simplest 
system of all because their lead anode in standard acetate buffer 
provided the potential difference against the platinum electrode. They 
found a non-linear calibration curve, later traced to the effect of the 
internal resistance of the circuit. As technical improvements will tend 
towards the use of smaller electrodes the use of a good amplifier will 
become essential. 

Davies and Brink (1942) for electrodes less than 0-2 mm diameter 
used a high resistance (10 M2) in series with the source of potential 
and the oxygen-cathode. The potential drop across the resistance was 
of the order of 1 mV and was fed into the amplifier (circuit not 
figured). Davis, McCulloch and Roseman (1944) for measurements of 
oxygen tension in brain during convulsions used a Goodwin d.c. 
amplifier, a Dumont electronic switch and a Grass output amplifier 
operating an ink recorder. Hill (1948) used a high resistance of 0-1— 
100 MQ (depending on the sensitivity required) in series with the 
oxygen electrode and measured the voltage across the resistance with 
a two-valve cathode follower (circuit given). Longmuir (1954) used 
a Cambridge pen-recording polarograph Type No. 91331. Cater 
et al. (1957a) used a balanced single-stage d.c. amplifier with a choice 
of input resistance (0-5-100 MQ) and a special drift correction to give 
a stable zero. Cater et al. (1959) adapted this circuit to obtain auto- 
matic recordings from four electrodes. The voltage drop across the 
resistor in series with each electrode is fed through a highly insulated 
cam-operated motor driven switch to the amplifier which is connected 
to a Cambridge recording galvanometer. Experiments were also 
made with a direct-current, negative feed back circuit using an ET3 
electrometer valve and a three valve amplifier (circuit given Cater, 
Phillips and Silver (1957a)). A modified circuit using an electrometer 
valve and three transistors was reported by Cater, Silver and Wilson 
(1959). 

(c) The problem of the anode. Most workers have paid little atten- 
tion to the anode, yet this can be a source of error. In calibration 
experiments the anode presents no difficulty; a salt-agar bridge 
connecting to a calomel half cell, or a silver/silver chloride electrode 
in saline is all that is required. But in experiments in vivo the anode 
may be a source of error. Voegtlin et al. (1935b) measuring pH in the 
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rat, dipped the rat’s tail with tip amputated into saline which was 
connected by a salt-agar bridge to a calomel half cell. This should 
have served as a model for all subsequent work, because here the 
connexion was made to the subcutaneous tissues. Davis et al. (1944) 
had their oxygen-cathode in brain surrounded by a small glass tube 
(cemented into the trephine hole) and filled with saline into which 
dipped a silver/silver chloride electrode. But Davies and Rémond 
(1947) used a pad soaked in saline in contact with skin and connected 
with a 0-15 N calomel half cell. Montgomery and his collaborators 
used a finger dipping in a beaker of 0-9 per cent saline and connected 
with a calomel half cell. Now the skin may be as acid as pH 4 in which 
case it will be at a potential 0-18 V more positive than the subcu- 
taneous tissues. The effect of this “‘skin-subcutaneous-tissue battery” 
will depend upon the details of the circuit used and the point at which 
it is earthed. It is certain to alter the value of the potential difference 
at the cathode fluid interface. Very small currents have to be mea- 
sured and all sources of leakage paths, earth circuits, and 50 cycle 
interference have to be most carefully avoided. An additional and 
unpredictable potential source in the circuit is undesirable and should 
be avoided. If the skin is earthed the subcutaneous tissues will not be 
at earth potential. It is easy to see that this can be a most fertile 
source of error in the measurement of oxidation-reduction potentials 
and in fact has crept into the measurement of many of the so called 
‘bioelectrical potentials’. The only safe course is to insert a silver/ 
silver chloride electrode into the subcutaneous tissues and also to 
insulate the animal or patient carefully from earth. This is essential 
when making readings on several electrodes by the system shown in 
Fig. 1. (Cater et al., 1959) where a positive potential is put in the anode 
and in effect the patient is raised to 0-6 V above earth potential. The 
chloride content of the tissue fluids remains pretty stable and constant 
at 109 mequiv/ 100 ml equal to the chloride content in a solution of 0-6 
per cent NaCl. The silver/silver chloride electrode inserted into 
the subcutaneous tissues is therefore likely to remain a stable anode 
and has been found in practice to be satisfactory. 


4. Problems of Calibration of the Oxygen-cathode 


(a) It is comparatively easy to follow changes of oxygen tension in 
vivo with the oxygen-cathode as has been done by Davies et al., Davies 
and Rémond, Montgomery and his colleagues, Cater and his collabor- 
ators, and others, but quantitative measurements depend upon adequate 
calibration. The requirements for satisfactory calibration include 
the standardization of electrodes and, if possible, the grinding of the 
ends to a constant and reproducible size. Blood and tissue debris 


VOL 
lo 
196 


Oxygen Tension and Oxidation-reduction Potentials in Living Tissues 165 


can easily form a film over the ends of the electrodes and strong 
cleansing agents are apt to damage the electrode or its insulation. 
In my opinion it is better to grind the electrode so that a fresh metallic 
surface is used for each in vivo experiment. A very simple method was 
found most satisfactory, the electrode was clamped in a ‘“‘Tufnol’”’ 
block and the end ground with a soft hone stone. 

(b) When the current is plotted against oxygen tension a linear 
relation was found by Davies and Brink (1942) for both recessed and 
for flush-type electrodes. Montgomery and Horwitz (1950) confirmed 
this for flush-type electrodes. Harris and Barclay (1955) found in 
their system that the current rose as the log. of the oxygen concentra- 
tion. Harris (1956) found that the calibration curve was not logarith- 
mic but still curvilinear. The resistance of the circuit was one factor 
causing this special type of calibration curve. Cater et al. (1957a), 
Cater et al. (1959) found a simple linear relationship between the 
current and oxygen tension and this was confirmed by Davis and 
Woodliff (1958). 

(c) Davies and Brink (1942) reported no change of the current with 
temperature between 28° and 37°C but this is not in agreement with 
later work. Montgomery and Horwitz (1950) found that the current 
increased with temperature and gave a temperature correction chart 
showing a value of 1-75 per cent increase per 1°C, rise of tempera- 
ture. Longmuir found a correction of 2 per cent/1°C. Cater ef al. 
(1959) also found a temperature coefficient of 2 per cent/1°C. 

(d) When the current is measured at different potentials, a current- 
voltage curve or polarogram is obtained. If only oxygen is being 
electrolysed, and the rate of diffusion onto the electrode is a limiting 
factor, theory requires that the current should reach a limiting value, 
and the current—voltage curve should show a plateau. Davies and 
Brink (1942) found a well marked plateau from 0-3 to 0-8 V when 
using a recessed electrode, but for the flush-type of electrodes the 
plateau was less well defined and less reproducible. Montgomery 
and Horwitz (1950) and their collaborators accepted the vagaries 
of the flush-type electrode, they made no mention of current—voltage 
curves, and always used the same applied potential (0-6 V). They 
found variations of up to 10 per cent between readings of an electrode 
for a single insertion and variations of 25-48 per cent for multiple 
insertions. Cater, Silver and Wilson (1959) working with flush-type 
electrodes in saline, phosphate-buffer or artificial extracellular fluid 
did not find a plateau on the current-voltage curve. However, if the 
electrode tip was coated with a thin film of collodion a plateau was 
obtained. They believe that in the unstirred calibration medium, 
even when every effort is taken to avoid convection currents, the 
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electrical field causes a movement of fluid past the tip of the electrode 
which increases as the potential difference is increased. Current— 
voltage curves taken when electrodes are inserted into the tissues 
of patients usually show no plateau. Longmuir with his rapidly 
rotating gold sphere obtained a good plateau when the apparatus 
was first switched on but, the plateau was not so well marked after 
30 min. The electrode surface had then changed from a bright to a 
matt colour. This leads us to consider the next problem, the poisoning 
of the electrodes. 

(e) Poisoning of the electrodes. Tobias and Holmes (1947) mention 
progressive desensitization of the electrode and Morgan and Nahas 
(1950) using a rotating platinum electrode (siliconed) reported 
uncontrolled and not completely understood vagaries of the platinum 
electrode. Connelly (1957) in a critical review of the limitations of the 
oxygen-cathode mentions precipitation of insoluble salts due to the 
production of OH~ by the electrode. Cater et al. (1959) made an 
extensive investigation into the current-voltage curves of electrodes 
to find reasons for the poisoning of electrodes noted by other observers. 
In their experience poisoning was rarely found and this they attributed 
to their standard practice of grinding a fresh end on the electrode for 
each experiment. They suspected that contamination of the metallic 
surface by protein films, bacteria, non-wettable substances such as 
silicone or anti-foam solutions might be important factors in poisoning 
of the electrodes. They believed that a fibrin film formed on the end 
of the electrode may be responsible for the “poisoning” in flowing 
blood and that thiol compounds liberated from tissues may combine 
with platinum or gold to form the corresponding metallic thiol 
compounds. This occurs slowly with platinum and more rapidly with 
gold. The cure for this is a collodion coat on the electrode. Connelly 
(1957) also recommends the coated or covered electrode. 

(f) Extrapolation from calibration conditions to conditions in vivo. 
This will only be legitimate if the calibration conditions are a real 
imitation of the conditions which obtain in vivo. Davies and Brink 
(1942) calibrated their electrodes in unbuffered saline. As already 
noted by Kolthoff and Miller alterations of pH have no effect on the 
oxygen-cathode current. Montgomery and Horwitz (1950) calibrated 
by inserting the electrode into a piece of dead skin in 0-9 per cent saline 
bubbled with air. They noted very low calibration currents, about 
1/3 of that obtained when the electrode was in the solution. In freshly 
excised skin no current was obtained because the skin was still respir- 
ing. These calibration conditions can be criticized on two counts: 
dead skin is acid and this alters the potential at the electrode/fluid 
interface. Skin, even when excised under sterile conditions, is not 
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sterile—so that dead skin may not be dead but live with bacteria. It 
is also possible that liberation of thiol compounds from dead skin may 
affect the electrodes. The result of their low calibration figures is 
to give very high values to the in vivo measurements of these authors. 

Cater et al. (1959) considered that their electrodes in vivo would be 
situated in extracellular fluid near to cells. The extracellular fluid 
might be contaminated with some cellular debris or a little blood. 
Therefore they calibrated in an artificial extracellular fluid containing 
the correct electrolyte, sugar, urea, amino-acid and protein balance, 
and bubbled with air plus 5 per cent CO,. This solution gave calibra- 
tion values very close to the saline—phosphate buffer mixture which 
was used in some of the preliminary experiments on calibration. 
The extracellular fluid contains about 0-1 per cent of protein. The 
addition of this amount of protein gave a slight increase of calibration 
current but 1 per cent or more resulted in a decrease. Two and a 
half per cent lowered the calibration current by 10-15 per cent. Part 
of this effect is due to decreased solubility of oxygen and part due to 
alteration of the diffusion constant. Whole blood corpuscles had little 
effect. Haemolysed red cells had an effect comparable with their 
protein content. Therefore if the extracellular fluid at the electrode 
tip becomes mixed with some blood in vivo the diminution of the 
oxygen diffusion current is unlikely to exceed 10 per cent. 

(g) The problem of sampling in vivo. The electrode in vivo may 
lie at a variable distance from an arteriole, a capillary or a venule. 
If the electrode is very small it will be very sensitive to its exact 
relationship to a blood vessel. Its presence may occlude the local 
blood supply. The electrodes used by the author are 315 wu in dia- 
meter, i.e. of fairly large size compared to intercapillary spacing and 
would be expected to obtain an average sample of the oxygen present 
in that locality. Using three or four electrodes in one tissue is a 
useful aid to adequate sampling. Kety (1957) gives a valuable 
mathematical analysis of the variation of tissue oxygen tension with 
the rate of blood flow, diffusion constant, metabolic rate of tissues, 
and the geometry of the tissue/capillary relationship. 


5. The Oxygen Tension in Normal and Pathological Tissues 


Most investigators have only followed the changes of oxygen tension 
which occur in normal or pathological tissues under various conditions. 
Data on quantitative measurements are scanty. Thus Davis et al. 
(1944) reported that a relative anoxia of the cerebral cortex of a cat 
occurs before, during and after convulsions induced electrically or by 
a variety of drugs. Davies and Rémond (1946) reported that low 
oxygen tension in the brain of the cat followed the onset of the 
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convulsions superimposed upon the status epilepticus caused by meta- 
zine. They also devised a delicate method for studying the oxygen 
consumption by cutting off the circulation by pressure of the electrode 
or by local perfusion. The rate of fall of the oxygen tension is then a 
measure of oxygen utilization. This principle is of wide application 
and was used by Longmuir (1954) for the respiration of bacterial cells 
and by Harris and Barclay (1955) and Harris (1956) for cells in tissue 
culture. Cater, Phillips and Silver (1956, 1957b, c) followed changes 
of oxygen tension in tumours, lactating mammary gland, brain, 
muscle, testis and subcutaneous tissue with the animal breathing 
various gases and after injection of radio-sensitizers, radioprotectors 
and hormones (Figs. 2, 3, 4, 5, 6, 7). Stoner (1958) has followed 
changes of oxygen tension in brain, liver and muscle of rats poisoned 
with triethyl tin. 

Turning to absolute measurements of oxygen tension Krogh (1908) 
gave figures for arterial and venous blood and for gas bubbles in 
equilibrium with tissues. Montgomery and Horwitz (1950) gave 
figures for skin of up to 600 mm Hg when oxygen is breathed. Their 
calibration technique has already been criticized. Bierman et al. 
(1952) compared the oxygen tension in the arterial and venous blood 
supply of tumours. Davies and Bronk (1957) found the oxygen 
tension in the brains of three anaesthetized cats varied from 2 to 
10mm Hg. Reeves et al. (1957) found the oxygen tension of urine 
much below that of renal venous blood. Cater (1957), Cater and Silver 
(1958) gave figures for the oxygen tension of tumours before and after 
radiotherapy and the response observed when the patient breathed 
oxygen. Figures were also given for the oxygen tension of bone 
marrow, muscles and subcutaneous tissues of normal subjects and 
patients. 


Ill. THe MEASUREMENT OF OXIDATION-REDUCTION POTENTIALS 


1. Introduction 
At a fixed pH the potential developed by a reversible oxidation- 
reduction system is given by 


Ey = + 


RT {oxidant} 
nF {reductant] 


.(20) 


where Fis a function of the pH (usually listed as the value at pH 7), 
and is the value of the potential in the given solution when [oxidant] 
= [reductant]. Mansfield Clark (1923) introduced the rH scale viz. 


rH = —log[H,] 
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where [H,] is the concentration of hydrogen which would give rise 
to the same potential in a solution of the same pH. Although Dixon 
(1949) has pointed out the advantages of the use of rH in biochemical 
systems, Hewitt (1950) commented adversely on its use for biological 
systems. The definition of rH is analogous to that of pH and the laws 
governing the behaviour of oxidizing and reducing substances on the 
rH scale are similar to those for acids and bases on the pH scale. 
rH can be determined (1) from oxidation-reduction potential measure- 
ments; (2) by the use of redox dyes, and (3) by calculation from 
thermodynamic data found in the tables of free energy. Reference 
should be made to Dixon (1949) (p. 66) for the way in which the rH 
of the system is dependent on the equilibrium constant of the reaction 


AH, =A-+ H, 


and the degree of reduction of the system. Also the conditions under 
which rH may be altered by changes of pH, and the variations with 
temperature. The rH of the hydrogen electrode = 0 and of oxygen = 
41; biological systems mostly lie between 0 and 25. See also 
Hill (1956) for a useful review. 


2. Survey of the Methods Available and an Account of the Techniques 


(a) The use of redox dyes. Since the discovery by Ehrlich (1883) 
that living cells would reduce dyes, in vivo studies have been made by 


Needham and Needham (1925), Rapkine and Wurmser (1927), 
Cohen et al. (1927-8), on Amoeba; Brooks (1926) on Valonia, and 
Redslob and Reiss (1928-9) on the vitreous humour of the rabbit’s 
eye. 

Hewitt (1950) notes the limitations of oxidation-reduction potential 
indicators: (1) A biological system with a quite definite level of 
potential may have only asmalleffective oxidation-reduction capacity, 
(2) A considerable time may be necessary before a biological system 
comes into equilibrium with the indicator dye, (3) Some dyes may 
act as oxidation-reduction catalysts, (4) Dyes may be toxic to the 
cell. 

(b) Electrode potential measurements. The following earlier measure- 
ments of oxidation-reduction potentials in living systems may be 
mentioned: Gillespie (1920) (bacterial cultures); Redslob and Reiss 
(1928-9) (rabbit’s eye); Vlés et al. (1931) (arteries and veins of dogs, 
rats and cats); Okuyama (1931-2) (muscle and liver of frogs and rats); 
Havard and Kendall (1934) (chicken fibroblasts in tissue culture); 
Jalavisto and Piha (1952) (plasma oxidation-reduction potentials); 
Seyderhelm et al. (1937) (human blood). Piha (1956) has given a 
review of oxidation-reduction potentials in plasma. Uchimura (1937) 


12 


D. B. CATER 


170 


inserted platinum electrodes into frog muscle and found a fall of 
redox potential after irradiation with u.v. light or X-rays. From 
in vitro chemical estimations he concluded that the radiation had 
increased the amount of reduced glutathione. Claudatus (1940) 
made a hypodermic needle by electroplating nickel on to silvered glass. 
This was then electroplated either with gold for measuring oxidation- 
reduction potentials or with antimony for measuring pH. 

Cater (1954), Cater and Phillips (1954) used 0-315 mm diameter 
platinum or gold electrodes insulated with ‘‘Araldite’”’ to measure the 
redox potential of tumours and normal tissues. Silver/silver chloride 
reference electrodes were inserted subcutaneously. Simultaneous 
measurements of pH were made with glass electrodes of capillary 
form. The potentials were measured with an electrometer valve 
circuit, modified from DuBridge and Brown (1933). A sensitive 
galvanometer balanced the potential difference to within 1 mV by a 
null method. The input impedance of 5 x 10!!Q was sufficient to 
prevent polarization. It was found that steady potentials were 
obtained which responded in characteristic ways to administration of 
oxygen, injection of the radiosensitizer ‘““Synkavit”’ and to irradiation. 

In order to record the potentials on 4-8 electrodes an apparatus 
was built using a motor-driven switch and two separate balanced 
electrometer circuits operating the two moving-coils of a “Cambridge” 
four-channel recording galvanometer. Each circuit used two balanced 
electrometer valves, the input impedance was 10!?Q (Cater et al., 
1955, 1957a). To enable the changes of oxidation-reduction potentials, 
pH, and oxygen tension to be followed simultaneously, one electrode 
was chosen as an oxygen cathode, a negative potential of 0-6 V was 
applied to it and the resultant current passed through a balanced, 
single-stage d.c. amplifier to the recording galvanometer. Many of the 
findings will be discussed in Sections IV.2, V.2, 3, 4 and VI. 


3. Problems and Artifacts 
The electrodes used by Cater and his colleagues expose a disk of metal 
315 win diameter to the tissues. This electrode is big in relation to the 
cells and will lie in extracellular fluid. Yet if this electrode is connected 
to earth through a 108 Q resistance it becomes polarized, and the 
potential difference between electrode and earth becomes about half 
its former value. An input impedance of 10!? Q is therefore adequate 
to prevent any appreciable polarization of an electrode of this dimen- 
sion. There is, however, the possibility of an electrode connecting 
two areas of different redox potential and so exhibiting a mean 
potential. This emphasizes the importance of testing electrodes for 
cracks in the insulation. A crack at or near skin level will give very 
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erroneous results. Our experience with 25 and 50 « diameter platinum— 
iridium electrodes indicates that small electrodes give more rapid 
responses to physiological changes than large electrodes. It must be 
realized that much of the early work on redox potentials was done with 
electrodes very large by comparison with the author’s and with appara- 
tus of low impedance. 

The choice of metal for electrodes is an important consideration. 
Platinum has been used most frequently but has the disadvantage of 
occluding hydrogen and other gases. This can be an important source 
of error in measuring the oxidation-reduction potential of bacterial 
cultures as was pointed out by Boyd and Reed (1931). Cater, Phillips 
and Silver (1957b) found marked falls of electrode potentials with 
platinum or palladium in tumour or normal tissues when the rat 
breathed hydrogen. Gold electrodes did not show this ‘hydrogen 
effect’, or the rather less dramatic effect with carbon monoxide. 
When tissues were irradiated platinum or palladium electrode 
potentials fell but gold electrode potentials did not. They concluded 
that this was due to the production by irradiation of H, or some 
substance behaving like hydrogen. Therefore to demonstrate a true 
physiological change of oxidation-reduction potential it must occur 
with both platinum and gold electrodes, and it must also be monitored 
with a glass electrode to be sure that it is not a change of pH. 

The so-called noble metal electrodes only approximate to the 
thermodynamic ideal of no reaction with the solute. Platinum reacts 
slowly, gold rather more quickly, and mercury rapidly, with thiol 
groups. Extracellular fluid contains very little of these compounds, 
but cells contain up to 40 mg/100 g of glutathione. Slow drifts of 
potentials may be due to this “poisoning” of the electrodes. The 
author always grinds the electrodes before each experiment to produce 
a perfectly fresh clean metallic surface. A detailed discussion of the 
—SH effect will be found in Section V, 3. 

The reference electrode is important. Some of the problems involved 
have been mentioned in Section II. A silver/silver chloride electrode 
is more convenient than a calomel half cell, but either must make 
electrical contact with the subcutaneous tissues. Contact with intact 
skin through a saline pad is not satisfactory because of the variable 
pH and membrane potentials of the skin. On the other hand if the 
reference electrode is in subcutaneous tissue and is held at earth 
potential then the animal must be most carefully insulated from earth 
because its skin will not be at earth potential. Multiple earths leading 
to high-frequency pick-up in earth-circuits must also be avoided. 

(b) Possible developments. A circuit with an input impedance of 
10!2 Q is high enough to measure redox potentials with an electrode 
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surface 315 uw in diameter. To make an electrode small enough to go 
into a cell, would mean reducing the area by 10-4, requiring an input 
impedance of 10!6Q. There are vibron electrometer circuits now 
commercially available with an effective impedance of 101®Q. There 
is, however, a capacity of 30 wuF which might effectively polarize 
the electrode. The considerable technical difficulties involved in 
making and insulating suitable electrodes for insertion into a cell 
could probably be overcome but there still remain two grave difficulties. 

(i) Insertion of an electrode tends to destroy the membrane 
potential of a cell and may fairly rapidly kill the cell. 

(ii) The precise meaning of the redox potential in terms of cell 
physiology is still far from clear (see Section V). 

The author feels that model experiments on thiols etc. to try and 
elucidate the significance of oxidation-reduction potentials are neces- 
sary before the technical effort required to make the measurement in 
cells would be justified. 


IV. THe MEASUREMENT OF pH IN Livine TIssuEs 


1. Introduction 


Platinum or gold electrodes are sensitive to changes of pH as well 
as to oxidation-reduction potential, therefore any changes of pH 
must be subtracted from changes of electrode potential before the 
true changes of oxidation-reduction potential can be assessed. 
Measurement of pH by indicator dyes has certain disadvantages. 
Injection of the dye adds to the system an appreciable quantity of 
what is in effect a pH buffer. Oxidation-reduction potential changes 
also influence some pH indicator dyes. Mixture with serum or protein 
may alter the colour. Finally the changes of pH in vivo are small, and 
it is difficult to demonstrate them with dyes. 

The potential (compared to the hydrogen electrode) of a solution X 
with a concentration (activity) of hydrogen ions [H*] is given by 

E= = —0-060 pH in X 
Figure 1 shows the oxidation-reduction potentials of some physiologi- 
cal substances and some naphthoquinones plotted against pH. 

The conventional scale of pH in common use differs from the exact 
thermodynamic definition of pH (Ogston, 1947; Kortum and Bockris, 
1951, pp. 282-287). For measurements in vivo the glass electrode is 
used. Special glass forms a thin membrane between a solution of 
constant pH inside the electrode and the tissues or solution being 
measured. The glass functions as a membrane permeable to H+ 


VOL 
lo 
196: 


Oxygen Tension and Oxidation-reduction Potentials in Living Tissues 173 


but not to anions and a static diffusion potential is set up. The 
electrode must be calibrated in buffer solutions because an asymmetry 
potential is always present. Voegtlin et al. (1935b) developed a glass 
electrode of capillary form for in vivo pH measurements. Cater, 
Phillips and Silver (1957a, b, c) used electrodes of similar pattern made 
by the Cambridge Instrument Co. These had an impedance of 2 x 108 
Q. A high impedance electrometer valve circuit is essential to make 
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Fig. 1. Electrode potential/pH curves of some important substances. 


satisfactory measurements using this type of electrode. pH measure- 
ments can also be made with metallic oxide electrodes (Kortum and 
Bokris, 1951, pp. 293-296). Metals which react easily with water to 
form sufficiently insoluble hydroxides can be used. The mercury/ 
mercurous oxide electrode and the antimony electrode are of this 
type. The antimony electrode however is known to be susceptible 
to changes of oxygen tension. The author has had no experience 
with this type of electrode. Iron, bismuth, tin, zinc, silver and copper 
could also be used. 


2. Changes of pH in vivo 
Early work was done with indicator dyes, Talbert (1919) used these to 
measure the pH of exuded sweat, and found that hard work produced 
a less acid sweat than exposure to heat. Sharlit and Scheer (1923) 
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measured the pH of the skin with indicators, Schade and Marchionini 
(1928) used the hydrogen electrode, and Levin and Silvers (1932) 
the quinhydrone electrode. However, these electrodes are also 
influenced by oxidation-reduction potentials. After developing their 
capillary type of glass electrode Voegtlin et al. (1935a), Kahler and 
Robertson (1943) used it to measure the pH of malignant tumours 
of rat liver. They showed that the pH of normal liver was 7-4 and of 
hepatoma 7-0 in fasting rats. Injection of glucose lowered the pH 
of the tumour to 6-4 without change of pH in the normal liver—a 
brilliant demonstration of in vivo glycolysis by the tumour. An 
extensive study of the pH of excised human tumours and normal 
tissues was made by Meyer et al. (1948). The observations were 
made with a glass electrode 5-90 min after removal but the rapidity 
of the pH changes after cutting off the blood supply is difficult to 
assess. Blinks and Skow (1938b), following the time curve of photo- 
synthesis with a glass electrode, found that sudden illumination of the 
unicellular marine alga Stephanoptera produced an ‘‘acid gush”’ 
lasting 5—6 sec before an alkaline drift predominated. There was an 
alkaline gush when darkening took place after a long period in light. 
Blank (1939a, b) used a glass electrode to measure the pH of skin. 
Inch and Burton (1953) using a similar technique found the pH of 
healthy skin showed diurnal variations becoming more acid with rise 
of room temperature. Bean (1947) placed a glass electrode in circulat- 
ing arterial blood of dogs in compression chambers. Increase of air 
pressure to 90 lb increased the acidity of blood 0-02—0-15 pH units. 
He thought this due to interference with CO, removal. Cater et al. 
(1957c) using a glass electrode in lactating mammary gland of anaes- 
thetized rats found administration of oxygen made the pH 0-05 more 
acid; giving nitrogen had the reverse effect. They also found pH 
changes in the mammary gland following injection of insulin, glucose, 
doisynolic acid, desoxycorticosterone glucoside, oxytocin, vasopressin 
and growth hormone. 


3. Development of New Techniques 

The capillary glass electrode suffers from certain disadvantages ; 
it is large, very fragile, has a large asymmetry potential, and its 
high impedance (2 x 108 Q) means it cannot be made smaller if it is 
to be used with conventional circuits. Our glass electrodes are quite 
unsuitable for insertion into patients. Yet there is considerable scope 
in clinical research for a simple, reliable but highly sensitive method 
of measuring pH in the blood and tissues of patients. The vibron 
electrometer working at an effective impedance of 10!6Q has made 
possible the introduction of much smaller electrodes suitable for 
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clinical use. There is possibly also great scope for development of the 
metallic-oxide type of electrode. Small electrodes are available suit- 
able for measuring the pH of the stomach contents during a test meal. 
For any absolute measurements of pH in patients it is essential that 
the silver/silver chloride reference electrode should be subcutaneous. 


V. StwuLTANEOUS MEASUREMENT OF OXYGEN TENSION, pH 
AND OXIDATION-REDUCTION POTENTIALS IN Livina TIssuES 


1. Some Typical Examples 

(a) Effect of breathing O, or N, and of vasoconstrictors. Figure 2 
(Cater et al., 1956) shows an experiment with lactating mammary 
gland of rat. When the rat is given oxygen it is easy to see the marked 
rise of oxygen tension, but note also a definite small increase of acidity 
of 0-05 of a pH unit, and a rise of about 10 mV in the oxidation- 
reduction potentials. Intravenous injection of tetrasodium  tri- 
methyl-1:4-hydroquinone diphosphate (a drug being tested as a 
radiosensitizer) causes a marked fall of redox potentials without 
change of pH or oxygen tension; a clear indication that three different 
things are being measured because they can change independently. 
Note the return of the redox potentials to their former level indicating 
redox-buffering or “‘poise’’. Injection of KCI caused no change until 
death occurred when the oxygen tension fell abruptly to zero, the 
pH rapidly became | unit more acid (60 mV) and the redox potentials 
fell steadily. The true change of oxidation-reduction potential will be 
60 mV greater than the apparent fall because of the pH change. 

In Fig. 3 (Cater et al., 1957c) note the typical effect of breathing 
oxygen on the oxygen tension, pH and redox potentials of lactating 
mammary gland and the reverse effects when the animal breathes 
nitrogen (omission to wash out the bottle and tubes with nitrogen 
caused the brief preliminary rise here). All the other effects seen in this 
experiment are probably due to vasoconstriction. Adrenaline caused a 
dramatic but momentary fall of oxygen tension, vasopressin a much 
longer one. Oxytocin caused a small transitory fall of oxygen tension 
and a small fall of redox potential (the scale of the reproduction 
scarcely permits the typical effect of oxytocin on the redox potential 
to be appreciated). The effect of the thyroxine is probably due to some 
vasoconstrictor contaminating the hormone preparation, as pure 
sodium-tL-thyroxine had no such effect. When the rat was killed 
with pure carbon monoxide note the rapid falls of potential on the 
platinum and palladium electrodes due to the occlusion of carbon 
monoxide. The gold electrode shows a small fall of potential which 
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is less than the true fall of redox potential by the amount of the 
pH change. The oxygen tension rapidly falls to zero and the pH 
becomes more acid. 
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Fig. 2. The effect on oxygen tension, pH, and oxidation-reduction 
potential in rat mammary gland, of the administration of oxygen, 
tetrasodium trimethyl 1:4-hydroquinone diphosphate (compound 
XIV) (0-5 mmoles/kg), and potassium chloride. Note that the 
large fall of redox potential which follows an injection of compound 
XIV is not accompanied by an alteration of oxygen tension. At 
death, tissue oxygen tension falls immediately almost to zero, and 
the pH rapidly becomes more acid. In all the experiments illustrated 
here the rats were anaesthetized with urethane (1-5 g/kg) injected 
subcutaneously. (After Cater et al., 1956.) 


(b) Experiments with hormones. Figure 4 (Cater et al., 1957c) shows 
an experiment to assess whether the water soluble oestrogen doisynolic 
acid would abolish the typical redox potential changes in lactating 
mammary gland caused by insulin. These however, though smaller 
than expected, are still present. The rise of oxygen tension when 
oxygen is breathed is increased after doisynolic acid and this finding 
was confirmed in other experiments. Note the typical changes at 
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death (from chloroform). In the next experiment (Fig. 5) insulin has 
been given first and the doisynolic acid afterwards. 

(c) Experiments with radiosensitizers. In Fig. 6 (Cater et al., 1957b) 
there are redox potential electrodes in brain and lactating mammary 
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Fig. 3. Changes of oxygen tension, oxidation-reduction potentials 
and pH in the lactating mammary gland of rat. Note the character- 
istic effects when the animal breathed oxygen, or nitrogen, and 
after intravenous injection of thyroxine B.D.H. (1-2 mg/kg), 
oxytocin (200 m.u./kg), adrenaline (20 ug/kg), and vasopressin (40 
m.u./kg). After death from carbon monoxide note the different 
effect upon the platinum and palladium electrodes compared with 
the gold electrode, also the typical pH change. (After Cater e¢ al., 

1957c.) 


gland and an oxygen-tension electrode in the latter tissue. Intra- 
venous injection of the radiosensitizer ‘“Synkavit’’ (2-methyl-1:4- 
naphthohydroquinone diphosphate) (Mitchell, 1954) resulted in 
marked falls of redox potential in both tissues, but the radioprotector 
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cysteine caused a fall of redox potential in the mammary gland and 
a rise in the brain. There is little change in the oxygen tension in 
mammary gland. Death was caused by an overdose of “‘Synkavit’’ 
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Fig. 4. The characteristic changes of oxygen tension, pH and 
oxidation-reduction potentials of lactating mammary gland when 
the rat breathes oxygen, and after intravenous injection of oxy- 
tocin (235 m.u./kg), and doisynolic acid (2-35 mg/kg, at pH 7). The 
oxidation-reduction potentials of muscle are recorded as a control. 
Note that after doisynolic acid breathing oxygen causes a greater 
rise of oxygen tension than before. (After Cater et al., 1957c.) 


to determine if this would act as a redox poison. In fact some flat- 
tening of the fall of the oxidation-reduction potentials of the brain 
did occur near the standard potential for the free naphthoquinone 
from Synkavit. Phillips and Cater (1956) found that rats poisoned 
with Synkavit died in convulsions and that cysteine would protect 
against toxic doses of Synkavit. Therefore the experiment shown in 
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Fig. 5. A more complete version of the experiment shown in 
Fig. 4 but the insulin is given before the doisynolic acid. During 
the last 1} hr the breathing of the animal was somewhat obstructed 
and this must be taken into account in the interpretation of the 
tracing. (Cater, Phillips and Silver, unpublished.) 
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Fig. 7 was performed (Cater et al., 1957b). Again note the falls of 
redox potential in brain and testis due to Synkavit; but a rise of 
potentials in brain and a fall in testis due to cysteine. Injection of 
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Fig. 6. Effect of breathing oxygen, and intravenous injection of 
Synkavit (25 mg/kg, 0-077 mmoles/kg), and 1. cysteine (13 mg/kg, 
0-08 mmoles/kg), and (40 mg/kg, 0-25 mmoles/kg), upon oxygen 
tension and oxidation-reduction potentials of lactating mammary 
gland and brain of rat. Note that the Synkavit causes falls of oxida- 
tion-reduction potential in the mammary gland and brain without 
much effect on oxygen tension. Cysteine causes a fall of potential in 
mammary gland, but a rise in brain. Cysteine does not alter the sub- 
sequent response to Synkavit. Death was due to Synkavit (310 mg/ 
kg, 0-93 mmoles/kg), and the oxidation-reduction potentials in the 
brain at the time of death remain near that of the 50% reduction 
level for Synkavit. The oxygen tension falls rapidly at death to 

nearly zero. (After Cater et al., 1957b.) 


Pt electrode against AgCl 


Synkavit causes some fall of oxygen tension in the brain probably 
because of shock. When the rat is poisoned with Synkavit again there 
is some delay in the fall of redox potentials. This might indicate it was 
acting as a redox poison or merely that the amount present in the cells 
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is sufficient to slow the fall of oxidation-reduction potentials after 
death. Radioprotectors—glutathione and cysteinamine—also cause 
marked falls of oxidation-reduction potentials in vivo (Cater et al., 
1957b). Are these agents protecting important thiol compounds in the 
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Fig. 7. Effect of oxygen, Synkavit and cysteine upon oxygen 
tension and oxidation-reduction potentials in brain and testis. Note 
effect of breathing oxygen upon oxidation-reduction potentials of 
brain and testis. Lead ‘brain 1’ was then used for oxygen tension 
measurements. Cysteine HCl (70 mg/kg, 0-45 mmoles/kg) was re- 
peated three times and caused falls of potential in testis, but a slight 
rise in brain. Synkavit (5mg/kg, 0-015 mmo les/kg), (15 mg/kg, 0-045 
mmoles/kg), and (45 mg/kg, 0-135 mmoles/kg), caused falls of poten- 
tial in testis and brain. The last dose caused a fall of oxygen tension 
in brain (this may have been circulatory). Note oxygen tension 
in brain shows a bigger rise when the animal breathes oxygen 
after the administration of Synkavit and cysteine than before. When 
the animal was killed with Synkavit (420 mg/kg, 1-25 mmoles/kg), 
there was some reduction in the rate of fall of oxidation-reduction 
potential in the brain at the time of death beginning at about 
the 50% reduction level for Synkavit. (After Cater et al., 1957b.) 
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cell against damage by radiation or are they effectively lowering the 
oxygen tension inside the cell as has been suggested by Dr. L. H. Gray 
and his colleagues? Further work is necessary to decide this point. 


2. Interpretation of Oxidation-reduction Potentials 


A noble-metal electrode in extracellular fluid has a steady potential 
which will show characteristic changes when the animal is subjected 
to the treatments outlined in the preceding section. When due care 
has been taken to exclude artifacts such as occlusion of hydrogen by 
platinum electrodes and pH changes—what is the precise meaning of 
the potentials in terms of cell physiology? There is the possibility 
that we are observing the mean result of a dynamic equilibrium 
between the oxygen supply and the whole series of oxidation-reduc- 
tion systems in the cell. However, changes of redox potential can be 
induced without any change of oxygen tension. Another possibility 
is that the electrode potentials may be in equilibrium with one parti- 
cular oxidation-reduction system in the cell. (The general level is 
near that of cytochrome-c or -b.) Or the electrode potentials may be 
in equilibrium with the redox system which changes most slowly. 
The oxidized/reduced glutathione system would be an obvious choice. 
Voegtlin, Johnson and Dyer (1925) suggested that the toxic power 
of redox dyes depended to some extent on their oxidizing power for 
reduced glutathione. They suggested that reduced/oxidized gluta- 
thione is a system which regulates the equilibrium between the 
oxidant and reductants of the cell. In other words, are our platinum 
or gold electrodes really acting as rather poor thiol electrodes reflecting 
in a crude fashion changes of the reduced/oxidized glutathione 
balance. In favour of this are the very active changes of electrode 
potential following injection of cysteine, cystine, glutathione and 
cysteinamine. The changes after “Synkavit’’ might be due to a 
combination with or reduction of thiol compounds. One way to 
elucidate this problem is to devise a thiol electrode sensitive only to 
the concentration of thiol. Unfortunately this baffling problem still 
awaits an adequate solution. 


3. Attempts to Assess the Effect of Thiols on Oxidation-reduction 
Potential Measurements 

Dixon and Quastel (1923) using a solid gold electrode found the 

cysteine titration curve was logarithmic and not S-shaped; addition 

of cystine did not affect the potential. The results fitted the equation 


E,=E£, + od In [H+] — = In [RSH] 0(24) 
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whereas if the reaction is 2RSH — 2e- = RSSR + 2H* the last 
term of (24) would be 


RT. [RSH] 
F 


They postulated an intermediate compound which would be the 
“true”? oxidized form and would be transformed irreversibly into 
cystine. Later Dixon (1927) found the potential of a cysteine solution 
200 mV more negative with a mercury electrode than with a gold 
electrode, and related this to the much higher hydrogen overvoltage 
of mercury. Michaelis (1930) (pp. 113-143) showed that given 
sufficient time platinum, gold and mercury electrodes would all give 
the same potential in a thiol system if air was rigidly excluded. He 
therefore found Dixon’s views unacceptable. 

Williams and Drissen (1930) found sigmoid curves obeying formula 
(25) on potentio-metric titration of cysteine with oxidizing agents 
but obtained different values of H, for different oxidizing agents. 
Preisler and Berger (1947) showed that for the titration of thiourea 
formamidine disulphide using bright platinum electrodes, 


RT. [RSSR 
E, = + ln 


(EZ, is the potential of the half-reduced system at the pH under 
consideration.) The potential became 120mV more positive on 
dilution of a molar solution to 10-% M. Preisler and Bateman (1947) 
studied the oxidation of dithiobiuret to the —S—S— form. The 
number of molecules is unchanged and the potentiometric curve is not 
dependent on concentration. Formamidine disulphide oxidized 
diothiobiuret giving theoretical potentials and showed that —SH, 
—S—S— systems can react rapidly and reversibly with one another. 
Freedman and Corwin (1949) used boron carbide electrodes as well 
as platinum electrodes but the former would not work for Preisler’s 
systems. See also Hill (1956) pp. 411-414. 

Cecil (1954, 1955) and Cecil and McPhee (1955) have used both 
silver and mercury as thiol electrodes. These silver and mercury 
electrodes are presumably behaving as electrodes of the second kind 
as defined by Kortum and Bockris (1951) pp. 256-259. 


Ag | AgCl = Cl- + Agt eee 


for the silver chloride electrode would be 


Ag | AgSR = SR- + H+ = RSH (28) 
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for the silver thiol electrode. The mercury electrode under aerobic 
conditions would tend to the mercuric form 


Hg | (Hg (RS).][H*+? =[Hg+*][RSHP (29) 
and under anaerobic conditions would tend to the mercurous form 
Hg | (Hg, (RS),] [H*}? = [Hg*}? [RSH 


It is clear that sulphydryl complexes of platinum, gold, mercury and 
silver are formed and that the potentials recorded are then influenced 
by the sulphydry! concentration. This takes place slowly in the case 
of platinum and gold and quickly in the case of mercury and silver. 

Cater and Wilson in unpublished work have investigated model 
systems using simultaneously four different electrodes in various 
concentrations of glutathione under aerobic and anaerobic conditions. 
Platinum equilibrates very slowly, gold more rapidly and mercury on 
pure gold very quickly. However mercury electrodes are very sensitive 
to oxygen (not less sensitive than platinum as reported by Michaelis 
1930). Attempts to treat mercury with dithiobiuret or alloy it with 
nickel or cobalt did not improve matters. A silver thiol electrode is 
obviously worth investigation. In a few experiments with rats 
mercury electrodes gave low potentials, responded to injections of 
glutathione and gave very big responses when the rat breathed oxygen. 
The author is left with the impression that oxidation-reduction poten- 
tials as measured in vivo with mercury on gold electrodes might well 
be partly reflecting changes in the oxidized-reduced thiol balance. 
The problem is not insoluble as some sulphydryl systems in vitro react 
reversibly and it is probable that the glutathione system in vivo 
is reversible. A thiol electrode insensitive to oxygen would be ideal, 
but if unobtainable, measurements of thiol potential and of oxygen 
tension on the same electrode may be possible. 


4. Bio-electric Potentials 


No discussion of oxidation-reduction potential studies in vivo would 
be complete without a mention of bio-electric potentials. However, 
this subject has been critically reviewed by Crane (1950). She 
includes under this heading the steady potentials developed by 
various plant and animal tissues and action potentials produced by 
muscle, nerve, and the electric organs of fishes. The steady potentials 
may be caused by (1) diffusion potentials (2) membrane potentials 
(3) phase-boundary potentials (4) oxidation-reduction potentials, or 
(5) electrokinetic potentials. Physiological interest centres on electric 
potential fields and the control of growth, the detection of ovulation, 
wound potentials and potential differences developing in neoplasia. 
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In this respect Langman and Burr (1947) found that the normal 
uterine cervix was usually positive compared to abdominal skin, 
while uterine tumours were negative. Max et al. (1953) failed to 
confirm this, but they used a less sensitive technique. However 
Dalgaard and Thygesen (1950) using a careful technique could not 
confirm Langman and Burr’s findings. In any case the possibility 
that the observations could be due to differences of pH was not 
excluded. With regard to oxidation-reduction potentials Conway 
(1951) has suggested that an oxidation-reduction system may be both 
the source of energy and the mechanism of ion exchange in yeast and 
gastric mucosa. Redox dyes greatly altered the steady state potentials 
of anaerobic yeast cultures. Those dyes which raised the potential 
also increased the loss of H* and the gain of K* by the yeast. Dyes 
which lowered the potential had the reverse effect (Conway et al. 
(1950), Conway and Kernan (1955)). For a detailed consideration 
of membrane potentials and electrokinetic potentials reference should 
be made to the review by Teorell (1953). 


5. The Scope of the Measurements and Possible Lines of Advance 


An interesting clinical application was the use of the oxygen cathode 
by Montgomery and Horwitz to diagnose arterial block in the limbs 
of patients. A really satisfactory electrode for circulating blood 
would open up a wide field of physiological and medical research. 


Silver (1958) has some preliminary results on the oxygen tension in 
the blood and tissues of foetal sheep. There is however, great ignor- 
ance of the oxygen tension in many pathological conditions. Even a 
fundamental process like inflammation has not been properly investi- 
gated. Our own observations are confined to a few preliminary 
experiments on inflamed tissue. These indicate increased oxygen 
tension during the stage of increased vascularity followed by lowered 
oxygen tension as stasis and exudation begin. There is need for the 
use of much finer electrodes introduced under direct vision as into the 
web of the frog’s foot or chamber in the rabbit’s ear. 

A few unpublished experiments by the author and Dr. Silver indicate 
avery low oxygen tensionin tuberculartissue. The whole problemof the 
behaviour of cells under anaerobic conditions needs investigation in vivo. 

A knowledge of the absolute level of oxygen tension in metabolizing 
tissues in vivo, is necessary to monitor the work of the biochemist 
with tissue slices in vitro. Is it safe to extrapolate from the behaviour 
of tissue slices in 95 per cent N,, 5 per cent CO, and 95 per cent O,, 
5 per cent CO, to their behaviour in vivo? Data of in vivo conditions 
are also required to help find the right conditions for maintaining 
tissues in culture. For example take ascites tumour cells—the oxygen 


13 


lo 
965 


186 D. B. CATER 


tension, pH and redox potential of ascites fluid can be measured in 
vivo quite easily. Our experiments would indicate that conditions in 
bone marrow may be quite unusual with low oxygen tension and per- 
haps an abnormal pH. 

In pharmacology the action of drugs on vital organs can be investi- 
gated to see if a drug induces anoxia or acts as a redox poison. In 
hormone research an unsuspected impurity which had a vasoconstric- 
tor action was easily detected. Redox potential studies might help 
to detect target organs and in some cases might be a suitable method 
for assay. For instance a good dose response curve was given by a 
dose of oxytocin against fall of redox-potential in lactating mammary 
gland. The time of action of a drug after injection can be followed e.g. 
Synkavit has a more prolonged effect upon tumour than upon normal 
tissue (Cater, Phillips and Silver, 1956). 

In the broader field of biology many problems await investigation 
such as the conditions at the bottom of ponds and lakes and in the 
ocean ooze; the oxygen tension in semen and the reproductive tract; 
the conditions pertaining in growing tissues and dividing cells; and 
the best conditions for food preservation and storage. Barnes and 
Ingram (1955) studied oxidation-reduction potential and pH changes 
in meat and Wilson (1958) has studied these in relation to preservation 
of meat by radiation. 


VI. Discussion AND CONCLUSIONS 


In order to understand the processes of oxidation in vivo we require 
to make three physical measurements; oxygen tension, pH and 
oxidation-reduction potential. 

1. Oxygen tension. We know what this means, but we cannot 
measure it accurately with any degree of ease; we can however, follow 
changes quite readily with the oxygen cathode. 

2. Hydrogen ion activity. It is easy to measure conventional pH, 
but measurements accurate in the thermodynamic sense are very 
difficult. While we can measure and follow pH changes in vivo, 
the precise meaning of pH at the cellular level is a difficult concept. 

3. Oxidation-reduction potential. It is fairly easy to measure this 
in vivo with a noble-metal electrode, but the precise meaning of our 
measurement is far from clear. It might be a measure of a dynamic 
equilibrium between the oxygen supply and the metabolic activity 
of the cells represented by a concentration of reduced substrates; 
or the electrode might be in equilibrium with an important redox 
system such as oxidized/reduced cytochrome-c; or it might be a 
reflection of the oxidized/reduced thiol relationship. The redox 
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potential might depend on all these and more; a composite balance of 
a number of dynamic factors including oxygen tension, thiol concen- 
tration and other important oxidation-reduction systems against the 
supply of substrates. It can be definitely stated that the system is 
‘poised’, that breathing oxygen or nitrogen, giving certain drugs or 
hormones will alter the redox potential in vivo but it will tend to return 
to its former level. The 2, is lower (more negative) in more active 
tissues such as tumour, liver, brain and lactating mammary gland. 
Oxygen tension, pH and oxidation-reduction potential are important 
parameters of which we have little knowledge over a vast field of 
biological, physiological and pathological conditions. There are 
clearly many difficulties in making these physical measurements but 
some progress has been made, both in technique and in interpretation 
of results. The simultaneous measurement of all three variables has 
helped in this respect. 
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THE CONFIGURATION OF PROTEINS 
IN SOLUTION 


E. M. Shooter 


TI. INTRODUCTION 


ALTHOUGH it has been obvious for many years that the specific 
biological properties of protein macromolecules are determined in 
major part by the spatial arrangements of the atoms of which they 
are composed it is not until recent years that any progress has been 
made in elucidating this aspect of protein structure. It has been 
proposed that macromolecular structures of this type could best be 
considered as a series of structures of which the higher and more 
complicated forms are built up from the lower simpler structures. 
Thus Linderstrom-Lang (1952) suggested that the structure of a 
protein could, most conveniently, be examined at three different 
levels and he called these the primary, secondary and tertiary struc- 
tures. By primary structure he meant the number and sequence of the 
amino-acid residues in the polypeptide chain or chains, by secondary 
structure the way in which the backbone of the polypeptide chains 
is folded or coiled and by tertiary structure how the folded or coiled 
polypeptide chains are themselves arranged in space and packed into 
the protein molecule. 

As Bernal (1958) has now pointed out the existence of more complex 
types of molecule formed by association of molecular units which 
are already folded or coiled means that higher structures must also 
be considered. The molecule of haemoglobin, for example, in solution 
under normal physiological conditions consists of two identical smaller 
globular molecules or subunits, and haemoglobin is therefore an 
example of a quaternary structure of homogeneous type. Tobacco 
mosaic virus, on the other hand, in which a folded or coiled protein 
is linked with another kind of molecule, in this case ribosenucleic 
acid, represents a heterogeneous quaternary structure. Although the 
concept of a series of protein structures has proved very useful it is 
becoming increasingly clear that there is no clear cut differentiation 
between the secondary and tertiary structures of a protein. Recent 
work to be discussed in detail in this review has emphasized that 
certain regions of the peptide chains in many proteins have no ordered 
spatial arrangement. These regions may be considered either as part 
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of the tertiary structure or as special forms of the secondary structure. 
For this reason the term “configuration”? has been introduced to 
embrace both these structures and to describe therefore the complete 
three dimensional pattern of the atoms in a protein molecule. Never- 
theless these divisions do summarize the whole problem of protein 
structure. A description of the molecular architecture of any given 
protein and hence a correlation of total structure with biological 
function and specificity can only be given when all structures are 
completely determined. Thus the identification of the active sub- 
strate combining site of an enzyme or the specific combining site of an 
antibody with its antigen will need a detailed description of the 
spatial arrangement as well as just the sequence of the amino-acid 
residues involved. 

Although there is no single protein for which we have at present 
sufficient knowledge to discuss the correlation in any great detail 
yet the considerable progress during the last decade has certainly 
given hope that it might shortly be attempted. Outstanding amongst 
these advances has been the determination by Sanger and his col- 
leagues (Sanger, 1956) of the primary structure, that is the complete 
amino-acid sequence and position of the disulphide bridges in the two 
polypeptide chains, of the insulin monomer. More recent work, using 
developments of Sanger’s original methods, has led to the evaluation 
of the primary structure of the corticotropins (Bell, 1954; Howard 
et al., 1955; Li et al., 1955), melanotropins (Harris and Roos, 1956; 
Geschwind e¢ al., 1957a,b), glucagon (Bromer et al., 1957) and virtually 
of ribonuclease (Hirs, Stein and Moore, 1958; Ryle and Anfinsen, 
1957) and to partial amino acid sequences in several other larger 
proteins. The problems of the configuration of proteins are most likely 
to be solved by the methods of X-ray diffraction and major contribu- 
tions have likewise been made in this field. This technique, however, 
is used with protein crystals and fibres and not with protein solutions. 
Since the protein molecule is subject to additional forces when in 
solution (page 202) it does not necessarily follow that configuration in 
solution will be the same as configuration in the crystal. This has led, 
therefore, to the development of a number of techniques primarily 
concerned with studying configuration in solution and it is with these 
techniques that this review will be largely concerned. 


II. CONFIGURATION IN THE SOLID AND CRYSTALLINE STATE 


Before discussing the experiments with proteins in solution it is 
perhaps profitable to summarize briefly the conclusions which have 
now emerged concerning the configuration of protein molecules in 
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the solid or crystalline state. In a protein crystal the configuration 
is determined by the necessity of attaining minimum potential energy. 
This condition, together with the now well known restrictions in 
interatomic lengths and bond angles which any plausible configuration 
must obey lead to two general types of structure (cf. Edsall and 
Wyman, 1958). These are (a) structures in which hydrogen bonds form 
between the CO and NH groups of different residues within the same 
peptide chain and (b) those in which the hydrogen bonds between these 
same CO and NH groups are formed between adjacent and approxi- 
mately parallel chains. 

These two groups correspond to the classical « and / configurations 
described by Astbury. It is now recognized, however, in the case of 
the first group that the repetition of equivalent positions for successive 
amino-acid residues must generate a spiral structure or helix. Of a 
number of helical structures which have been proposed the «-helix 
described by Pauling et al. (1951) has the greater intrinsic stability 
(Donohue, 1953) and is clearly the most important. In the «-helix 
each NH group is hydrogen bonded to the fourth CO group along the 
chain from the NH group in question and each CO to the fourth NH 
group—the hydrogen bonds so formed being not quite parallel to 
the axis of the helix (Fig. 1). 

The first three NH and the last three CO (four if terminal NH, and 
COOH groups are included) do not take part in hydrogen bonding. 
There are 3-6 amino-acid residues in each complete turn of the helix 
and since the pitch is 5-4 A the vertical translation of each amino-acid 
residue is about 1-5 A. If all the residues are of the L-configuration 
then there are two ways of coiling the «-helix corresponding to the 
turns of a left-handed and a right-handed screw. These two helices 
are not mirror images and need not necessarily possess the same 
stability. 

There is now very strong evidence for the existence of the «-helix 
in the secondary structure of synthetic polypeptides. Both the pitch 
and the vertical translation for each amino-acid residue correspond 
exactly to two prominent spacings on the X-ray patterns of these 
compounds. The smaller spacing at 1-5A is characteristic of an 
«-helix and is not given by any other folded model. Furthermore 
Elliot and Malcolm (1959) have now demonstrated a remarkable 
agreement between the observed intensities in the X-ray pattern 
of poly-L-alanine fibres and those calculated for a random arrange- 
ment of parallel and antiparallel right-handed «-helices. 

The 1-5 A spacing of the «-helix is also found in the X-ray patterns 
of the «-type fibrous proteins such as «-keratin. In this case, however, 
the other prominent spacing is now found at 5-1 instead of 5-4 A. 
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The shortening of this reflection could arise if several «-helices are 
themselves coiled together in the manner of strands of a rope (Pauling, 
1953). Multiple spirals of this sort probably occur because they can 
pack much more economically than single (say) right-handed helices 
of relatively high pitch (Bernal, 1958). Thus other multiple spiral 
structures have been proposed for deoxyribosenucleic acid (Watson 


Fig. 1. Left-handed and right-handed «-helices (Pauling and 
Corey). (From Edsall and Wyman, 1958.) 


and Crick, 1953), (Crick and Watson, 1954), collagen (Ramachandran 
and Kartha, 1954) and polyglycine (Crick and Rich, 1955). 

The secondary structure of any one of the crystalline globular 
proteins has not yet been determined with any certainty. In only 
one such protein, horse haemoglobin, has the 1-5 A spacing been 
found (Perutz, 1951). It does not appear at all, although it has been 
sought, in the X-ray patterns of at least three others (see Crick 
and Kendrew, 1957). Moreover earlier arguments in favour of the 
a-helix based on the appearance of the CO band at 1660 cm~! have 
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been abandoned now that it is clear that this frequency can be 
associated with more than one type of configuration (Elliott, Hanby 
and Malcolm, 1958). Although it would therefore be premature to 
suggest that the «-helix is a constituent part of crystalline protein 
structure it is perhaps not unreasonable to assume that those parts of 
the polypeptide chain which are ordered do have some helical form. 
In the following discussion the term helix, unless otherwise stated, is 
used in the most general sense. 

Finally, there remains the major problem of the tertiary structure 
and the question how the one or more coiled polypeptide chains are 
themselves folded and packed into the compact molecules of the 
globular proteins. Here the recent model of myoglobin based on low 
resolution X-ray data (Kendrew et al., 1958) offers a first glimpse of 
what can be expected. In this molecule at least, the folding of the 
coiled chains is not of a simple back and forth parallel character 
but is much more complicated. The model emphasizes one further 
important point, namely that the polypeptide chain cannot be entirely 
«-helical. Not only does it turn through large angles, and to do this 
there must be breaks in any helical configuration, but the total 
length of the chain is 300 A whereas an «-helix of the 152 amino-acid 
residues present in myoglobin would be only 228 A long. Similar 
conclusions can be drawn from optical rotation measurements on 
protein solutions and will be discussed later. 


II]. GENERAL PROPERTIES OF PROTEINS IN SOLUTION 


1. Native and Denatured Proteins 


There are two general properties of proteins in solution which emerge 
in any discussion of their configuration. Firstly the rate at which the 
molecules of most soluble proteins diffuse or alternatively sediment in 
a centrifugal field and the magnitude of the intrinsic viscosity of their 
solutions all suggest that the compact shape exhibited, for example, by 
myoglobin in the crystalline state is maintained in solution over a 
fairly wide range of pH (see e.g. Tanford, 1958). On the other hand 
these proteins can be made to lose their shape by relatively mild 
treatment such as heating in water, exposure to urea and extremes of 
pH. This loss is almost invariably accompanied by a loss of specific 
biological activity as well as by large changes in physical properties 
and the process is generally known as denaturation. It can be illus- 
trated by the behaviour of serum albumin in acid media (Fig. 2). 
Below a certain pH value the intrinsic viscosity increases sharply 
with increasing net charge whilst its value at any given charge is now 
markedly dependent on ionic strength. Whereas the constant low 
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viscosity at higher pHs was consistent with a compact rigid molecule 
the behaviour at lower pHs is now typical of synthetic polyelectrolytes 
which exist in solution (in good solvents) as more or less random coils 
(e.g. Flory, 1953). With increasing net charge electrostatic repulsion 
of particular segments of the molecule occurs, the random coil 
configuration becomes extended and the intrinsic viscosity increases. 


10 
pH 
Fig. 2. Variation of the intrinsic viscosity of solutions of bovine 
serum albumin with pH (Tanford, 1958). 
© Bovine serum albumin, J = 0-15 
© Bovine serum albumin, J = 0:03 
@ Bovine serum albumin, J = 0-01 
Arrow indicates isoelectric point. 


The addition of salt effectively screens the individual charges on the 
molecule, a less extended random configuration is regained and 
the viscosity falls. Serum albumin changes therefore in this region 
from a compact to an unfolded molecule. The striking effect of salt 
shows that the whole molecular domain of the denatured protein is 
now permeable to solvent and therefore that both secondary and 
tertiary structure are partially or wholly unfolded. In a good solvent 
the denatured protein remains as a solvated random coil but in a poor 
solvent or when solvent is removed interchain hydrogen bonds form 
and the denatured protein aggregates and finally precipitates. In 
contrast to the striking changes at acid pHs the intrinsic viscosity of 
solutions of serum albumin remains relatively constant in alkaline 
media. The fact that the denaturation does not occur at pHs which 
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are roughly symmetrical about the isoelectric point shows that electro- 
static forces are not the only forces responsible for the maintenance 
of the native protein structure (see below). 

Although the overall changes which occur during denaturation are 
well understood it has not been possible to use data from denaturation 
studies to do more than make general inferences concerning protein 
configuration. Perhaps the main feature which emerges is the co- 
operative nature of the denaturation reaction. Here the change from 
a slow reversible transformation to a fast and irreversible reaction 
requires only small changes in external conditions. These considera- 
tions have been excellently reviewed by Kauzmann (1954) and more 
recently discussed by Rice, Wada and Geiduschek (1958). For the 
purpose of this discussion it is only necessary to note that both kinetic 
and thermodynamic measurements of denaturation emphasize how the 
process involves the rupture of large numbers of secondary bonds. 


2. Stabilizing Forces in Protein Structure 


The bonds responsible for the original compact structure of the 
protein are of several different types and, what is most important, are 
considerably modified by the presence of solvent. The intrachain 
peptide hydrogen bonds within the helix, for example, are subject to 
continuous attack from the water molecules which are themselves 
capable of forming strong hydrogen bonds. In addition the hydro- 
phobic forces between non-polar side chains are actually stabilized by 
the structure of the water (Kauzmann, 1954). Moreover the electro- 
static attractive and repulsive forces between ionizable side chain 
groups (Tanford and Kirkwood, 1957), will vary with the pH of the 
solvent. The properties of the solvent therefore play a decisive role in 
determining configuration in solution. 

Other factors have also to be considered. One of these was originally 
thought to be the length of the polypeptide chain (Schellman, 1955). 
If the helical configuration has the form of an «-helix then the four 
CO and NH groups at the ends of the helix are hydrogen bonded to 
water and not to other peptide groups within the chain. In a short 
helix the cohesion of the intrachain hydrogen bonds is not sufficient 
to overcome the disruption caused by the relative freedom of the 
terminal residues and the helix is therefore unstable in aqueous 
solution. Longer helices will, however, become progressively more 
stable and for a given set of conditions there should be a minimum 
length of peptide chain which can exist in a helical configuration in 
solution. Harrington and Schellman (1956) have, however, found that 
oxidized ribonuclease consisting of a single chain of 124 amino-acid 
residues exists in aqueous solution not in the (expected) helical but 
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rather in the random coil configuration. This observation led 
Harrington and Schellman to a further examination of the probable 
heat and entropy changes which occur in the transition from helix 
to random coil and to the conclusion that since the free energy of 
unfolding per residue in the helix was virtually zero there would be no 
tendency for a polypeptide chain to form a helix regardless of its 
chain length. If this is so then the actual stability of coiled protein 
molecules in solution must depend on further structural features. 
Of these the best known are the disulphide cross-links either between 
different polypeptide chains or within the same chain. These linkages 
can increase the stability of the more compact native protein by 
limiting the range of the possible unfolded configurations of the 
denatured protein and thereby reducing the entropy gain on unfolding. 
Alternatively it is possible for them to interfere with the formation of 
helices and consequently stabilize the unfolded or random coil form. 
As far as is known they do not appear to have an invariable effect 
on configurational stability. Serum albumin with eighteen disulphide 
bridges is relatively unstable compared with ovalbumin although the 
latter has but one. 

Finally whilst disulphide cross-links tend to decrease the entropy 
of unfolding the hydrophobic, electrostatic and other favourable 
tertiary interactions increase the heat of unfolding and so also the 
stability of a particular configuration. 


3. Models for Configurations in Solution 

Harrington and Schellman (1956) also pointed out an additional 
implication of the fundamental instability of hydrogen bonded struce- 
tures, namely that parts of the polypeptide chain in proteins might 
exist in an unfolded rather than folded form. The present structure for 
myoglobin as well as most of the results to be discussed later in this 
review support this idea. This raises the problem of what other 
configurations apart from the helix are possible for the polypeptide 
chain. On the one hand the number of configurations which can be 
clearly distinguished by physical measurements are severely limited 
(Tanford, 1958); they are a random coil, a helix whose equivalent 
hydrodynamic shape is a thin rod, and a compact impenetrable sphere. 
For the moment therefore the experimental data are largely discussed in 
terms of these configurations—and especially the first two. But without 
doubt more subtle variations and combinations exist and their 
elucidation remains a challenging problem for protein chemists. 

The recent work on configuration has centred mainly on the 
examination of three properties which depend more or less directly on 
the configuration of the peptide chain itself—these are (a) the rate of 
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exchange of hydrogen by deuterium atoms, (b) optical rotation and 
dispersion and (c) infra-red absorption spectra. Judicious combination 
of the data from one or more of these methods with results from other 
physical measurements such as viscosity and sedimentation can 
provide in addition valuable information about the overall or 


tertiary structure. 


IV. EXCHANGE MEASUREMENTS 


The rate at which hydrogen atoms exchange with deuterium atoms 
provides valuable information on the accessibility of the hydrogen 
atoms in particular molecules and for proteins this approach is 
perhaps the most fundamental of the three experimental techniques. 
It can be argued that hydrogen atoms in an intrachain hydrogen bond 
of a helical polypeptide would exchange with either protons of water 
or deuterium atoms in deuterium oxide much less readily than 
would the same atoms if the polypeptide chain were a random coil 
configuration where the NH groups are hydrogen bonded directly to 
water. Elliott and Hanby (1958) have now demonstrated that this is 
indeed so. They made use of the observation (Doty and Yang, 1956) 
that high molecular weight poly-y-benzyl-L-glutamate can exist 
either in «-helix or random coil forms according to the solvent and 
their own findings that a hydrogen bonded peptide NH group can be 
identified by its characteristic absorption at about 3300 cm~!. The 
above polymer is an «-helix in 10 per cent dichloracetic acid in 
chloroform and a random coil in dichloracetic acid alone. When it was 
dissolved first in O-deuterated dichloracetic acid (the solvent for the 
random coil) and then diluted with chloroform to 10 per cent acid 
concentration (conditions for an «-helix) no band at 3300 cm~! was 
found in the absorption spectra. When, on the other hand, the poly- 
mer was first dissolved in chloroform and 10 per cent O-deuterated 
dichloracetic acid then added, a strong hydrogen bonded NH band 
was found which persisted for many days. The random coil form 
clearly permits a more rapid exchange than the «-helix form. 
Deuterium exchange experiments with proteins were first reported 
by Lenormant and Blout (1953) but the quantitative measurements 
on rates of exchange have been pioneered by Linderstrom-Lang and 
his colleagues. They found (Hvidt and Linderstrom-Lang, 1955a; 
Linderstrom-Lang, 1955) for small peptides and for the isolated 
peptide chains of two proteins (the A chain of insulin and the single 
long chain of oxidized ribonuclease) a virtually instantaneous exchange 
of all the potentially exchangeable hydrogen atoms. With insulin, 
ribonuclease and f-lactoglobulin however some hydrogen atoms 
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exchanged instantaneously but others more slowly (Fig. 3). Within 
the slow group different rates of exchange also existed and it was 
possible using a suitable rate equation to divide the latter group into 
a series of smaller groups each with a characteristic rate constant. 


T 
Oxid. RNASE O° 


— 


Total Ag, RNASE 


38-6° 


10 15 20 235 

hr 
Fig. 3. Deuterium exchange of ribonuclease and oxidized ribonuclease 
(Linderstrom-Lang, 1955). 
n = number of hydrogen atoms exchanged 

Total H,, RNase, total number of exchangeable hydrogen atoms 

(corrected number = 243). 


The instantaneous exchange with the isolated peptide chains of 
proteins parallels the rapid exchange in synthetic polypeptides in the 
random coil form whilst the slow exchange of part of the exchangeable 
hydrogen atoms in native proteins is similar to the slow exchange in 
synthetic polypeptides caused by hydrogen bonding in helical con- 
figurations. The question is whether the exchange results in proteins 
can be interpreted in exactly the same way as those for the synthetic 
polypeptides. The assignment, by virtue of instantaneous exchange, 
of a random coil configuration to oxidized ribonuclease is confirmed 
by optical rotation measurements. On the other hand a number of 
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compounds known to have hydrogen bonded helical structures, e.g. 
DNA and polynucleotides, also exchange very rapidly with deuterium 
(Wilkinson and Bradbury, 1958). It is not clear why this should be so. 
However there have been recent suggestions (Wilkinson and Bradbury, 
1958) that the rapid exchange arises from the unique character of the 
double helix of these compounds and it could also be due to the ease 
with which the two strands can part. 


TABLE 


Deuterium Exchange Measurements 


‘Potentially Exchangeable: Number of Hydrogen 


Protein | Conditions Hydrogen Atoms in Atoms Exchanged 
Backbone Sidechain Slow Fast 


Solid 46 
Solution pH 3 4 30* 
Insulin  (0°C) 

A chain | 0 


| 


Solution pH 4-7) 
(0°C) 
Ribonuclease 
Oxidized in 
2-5 M guanidine 
chloride 


* 7 of these exchange at an intermediate rate. 


With solid native insulin the number of hydrogen atoms in the 
slowly exchanging group corresponded almost exactly to the number 
of intrachain hydrogen bonds that would exist if both A and B chains 
were entirely «-helical (Table 1) and thus encouraged the view that the 
slow exchange could indeed be correlated with helical configuration. 
The exchange mechanism in solution turned out to be more complicated 
in that it was catalysed by both H* and OH~ (Hvidt, 1955; Hvidt 
and Linderstrom-Lang, 1955b; Berger and Linderstrom-Lang, 1957). 
However with insulin in solution at pH 3 the number of hydrogen 
atoms in the slow exchange group decreased. Likewise with ribo- 
nuclease the slowly exchangeable hydrogen atoms were considerably 
less than the number of hydrogen bonds in a completely «-helix 
structure. For both these proteins therefore the data could be inter- 
preted in terms of polypetide chains with only a partial helical! 
configuration. The actuai proportion of helical configuration can be 
crudely estimated by dividing the number of slowly exchangeable 
hydrogen atoms by the number of potentially exchangeable atoms in 
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the backbone of the peptide chain minus six. The values so obtained 
are 72 and 46 per cent for insulin and ribonuclease respectively. 
In this connexion Linderstrom-Lang (1955) has pointed out that the 
insulin results are satisfied by a model in which only those parts of 
the peptide chains enclosed by the interchain disulphide bridges are 
a-helices. Both the loose ends of the A and B chains as well as the loop 
in the A chain produced by the intrachain disulphide bond would 
probably exchange their hydrogen atoms more readily. Linderstrom- 
Lang (1958) considers that “these parts of the molecule have a high 
motility’ compared with the low motility of the chains in the ring 
formed by the interchain disulphide links. 

The rate of exchange with deuterium was markedly increased in 
the presence of urea or by higher temperatures, both factors which 
cause disruption of hydrogen bonded structures. Since neither 
treatment destroyed the enzymic activity of ribonuclease any such 
loosening of the structure must be reversible. This is not, of course, 
true for all proteins. In #-lactoglobulin it was found that 100 hydrogen 
atoms did not exchange at 38°C and pH 5-4 even after several days 
and had therefore extremely low motility. If they were forced to 
exchange by increasing the temperature to 50—60°C the structure was 
irreversibly loosened and the protein completely denatured. 

Recent work in other laboratories has either confirmed by inde- 
pendent analytical techniques the quantitative measurements on the 
same proteins discussed above (Saunders and Wishnia, 1958) or 
found the slow rate of exchange in additional native proteins (Bressler, 
1958; Wilkinson and Bradbury, 1958). 


V. OpticaL ROTATION AND DISPERSION 


1. Optical Properties of Native and Denatured Proteins 


The specific rotation of an organic compound changes when the 
molecular configuration is altered. Although the theory behind these 
variations in rotation is not well understood it is possible to use the 
property in an empirical manner to study protein configuration. The 
most useful optical property for purposes of comparison is not the 
actual specific rotation but the mean residue rotation defined as 
follows (Downie et al., 1957). 


R 3 


(1 
100 n? +2 (1) 


[Ryac] [a] 


where F# is the mean residue weight and » the refractive index of the 
medium. Various other symbols have been used for this quantity 
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including [R] (Schellman and Schellman, 1958), [4] (Fitts and 
Kirkwood, 1957) and [m’] (Moffitt and Yang, 1956). 

Schellman and Schellman (1958) have recently summarized some 
of the optical rotation studies on proteins and as a result have 


TABLE 2 
Optical Rotation and Dispersion of Native and Unfolded Proteins 
(After Schellman and Schellman, 1958) 


A 
[Ryaclp Nat- 


Native— | 
Unfolded | 'V@ folded 


[Ryaclp [Ryaclp 
Protein Native® Unfoldedt 


-Lactoglobulin ~124-5° 4+93-6° 2510 2250 
Ovalbumin “9° —106-8° 72:9° | 2660 2260 
Insulin | 36-5° —98-3° 618° 2670 2260 


Lysozyme —96-0° 42-7° 
Bovine serum albumin ‘6 52-4° | 2210 
Chymotrypsin “9° 5-9° 44:0° 2200 
Chymotrypsinogen 6 20-9° 36°3° | 2240 
Ribonuclease 35-8° | 2200 


Clupein | —110° to —140° 
Salamine | —122° 

A chain insulin 

Oxidized ribonuclease 


Silk fibroin 
Collagen t 326° —102-5° 
Gelatin§ 


* Solvent for native, either H,O or dilute salt solution. 

+ Solvent for unfolded, either concentrated urea or guanidine chloride. 
t Solvents, native—0-1 M citrate, 11°C. unfolded—0-1 M citrate, 40°C. 
§ Solvents, native—H,O, 0:5°C. unfolded—H,0O, 40°C. 


suggested that proteins can be divided on the basis of their optical 
properties into three broad groups. Proteins of the first group of 
which f-lactoglobulin is an example have mean residue rotations 
around —30°, those of the second group characterized by ribonuclease 
around —80° and of the third group, for example clupein, around 
—110° (Table 2). The variation of optical rotation with wavelength 
for all groups obeyed a single term Drude equation showing simple 
dispersion. The latter type of dispersion is characterized by a single 
critical wavelength A, (although this does not imply that a single band 
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is responsible for the rotation) and a constant & in an equation of the 


following form 
2 
and both constants may be obtained from a suitable plot of the data. 


The values of 4, so obtained were also found to group around three 


TABLE 3 
Approximate Mean Residue Rotations of Polypeptides in Random 
Coil Configuration in Aqueous Solution 
(Schellman and Schellman, 1958) 


Amino-acid residue 


Glutamic acid 
Arginine 
Tyrosine 
Proline * 
Hydroxyproline 
Glycine 


* In copoly-glycine-t-proline. 


values for the three different groups of proteins being highest (about 
2600 A) for the first group with low laevorotation, intermediate 
(around 2300 A) for the second and lowest (around 2100 A) for the 
third group with the highest laevorotation. 

The optical rotation and A, value for the third group, the small basic 
proteins are similar to those of many unfolded proteins (Table 2). 
Thus the mean residue rotation is approximately —110° and A, of 
the order of 2200 A in both groups. Furthermore clupein and sala- 
mine, again like unfolded proteins, have negative temperature co- 
efficients of rotation (see e.g. Fig. 4) and clearly their configurations 
must correspond closely to those of the unfolded proteins. Moreover, 
the fact that the latter have similar mean residue rotations strongly 
suggests a common configuration for the unfolded state—the solvated 
random coil. It may be noted in support of this conclusion that the 
value of the mean residue rotation for the unfolded state corresponds 
well to the mean residue rotations in a number of synthetic polypep- 
tides in the random coil configuration. (Table 3.) 

Table 3 contains a number of interesting exceptions. In particular 
the amino-acid residues with aromatic side chains have positive 


[Ryac] 
Alanine | >—126° 
Lysine —108° 
~117° 
OL. —110° to —130° 
lo +14-2° 
960 —250° 
400° 
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rather than negative rotations whilst proline and hydroxyproline have 
extremely high rotations. In this respect the latter two amino acids 
obey the Eyring-Kauzmann rules (Kauzmann and Eyring, 1941) 
which state that restrictions of freedom of orientation about bonds, in 
this case ring closure, increase the magnitude of the optical rotation. 
Consequently proteins with a high content of aromatic amino or imino 
acids or glycine will not have mean residue rotations around — 110° 
when unfolded. Two such examples are given in Table 2. Silk 
fibroin containing large amounts of glycine has a low mean residue 
rotation whilst gelatin rich in the imino acids but almost equally so in 
glycine has a slightly high rotation. 

If it is accepted that denatured, random coil proteins are charac- 
terized by mean residue rotations around —110°, 4, near 2200 A and 
a negative temperature coefficient of rotation then oxidized ribo- 
nuclease which has these three characteristics has this same random 
coil configuration (Schellman, 1958b). Viscosity and sedimentation 
measurements (Harrington and Schellman, 1956) lead to the same 
conclusion. The same is true for the A chain of insulin. (Here the low 
value of —81° for the mean residue rotation can be explained by the 
shortness of the peptide chains. It is known that the N-terminal 
residue in a peptide chain has a positive rather than a negative residue 
rotation (Schellman and Schellman, 1958) and its contribution to the 
mean residue rotation will become more marked for the shorter 
peptide chains). Thus both optical rotation and deuterimu exchange 
measurements show that the isolated peptide chains of two proteins 
(i.e. the A chain of insulin and the single chain of oxidized ribo- 
nuclease) have random coil configurations and thereby emphasize that 
hydrogen bonded helical structures are, in the absence of other 
stabilizing factors, completely disrupted by water. 

The optical rotation properties of native proteins can now be 
compared with those of the unfolded forms. In the first place the 
temperature coefficients of rotation, unlike those of their denatured 
counterparts, are very small and slightly positive indicative of quite 
rigid structures (see e.g. Fig. 4). Then again, except for collagen and 
gelatin the rotation becomes more laevorotatory on denaturation, 
increasing by 20° to 90° (Table 2). This increase in the magnitude of 
the rotation is in the opposite sense to that required by the Eyring- 
Kauzmann rules. It can be explained by assuming that the con- 
figuration adopted by native proteins contributes in its own right to 
the optical rotation. Schellman and Schellman (1958) point out that 
an a-helix being asymmetric would make such a contribution (see 
also page 218). The actual rotation of an «-helix will be of one sign if 
right-handed and of the opposite sign if left-handed. Since the changes 
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in rotation during unfolding are always positive (again excepting 
gelatin and collagen) it suggests that one helix sense predominates in 
native proteins as it does in synthetic polypeptides. Schellman and 
Schellman therefore argue that the structural change on denaturation 
may be regarded as a transformation from a helical to a random coil 
configuration and the differences in rotation of native proteins ascribed 
to differences in the amount of helix in their original configurations. 
In carrying this argument further these authors used the greatest 
observed AR,,. value—it happened to be for f-lactoglobulin—to 
represent the rotational change in going from a completely helical to a 
completely random coil model and then computed the fraction of 
helix structure in other proteins by dividing their AR,,.. value by this 
maximum value (Table 5). On this basis certain proteins, e.g. 
ovalbumin, are mainly helical whilst in others, e.g. pepsin and ribo- 
nuclease, the peptide chains are largely unfolded. Necessarily these 
estimates are only approximate. Although there is little doubt that 
the unfolding of f-lactoglobulin in 8 M urea is complete—the specific 
rotation versus urea concentration curve flattens out in this region 
(Schellman, 1958a)—it is unlikely, because of the constraints imposed 
by cross linkages and proline residues, that the peptide chains in the 
native protein are entirely helical. Nevertheless the idea of partial 
helical structure receives strong support from the work on synthetic 
polypeptides and from recent experiments by Harrington and Schell- 
man (1957) in concentrated lithium bromide solutions. 

Before discussing these experiments it may be briefly noted that the 
unfolding of collagen and the melting of gelatin which as Boedtker 
and Doty (1956) have shown involves the production of random coil 
structures from the folded native molecules, is accompanied by a 
decrease rather than an increase in the optical rotation. Thus the 
unfolding of the triple helix of these compounds is associated with 
fundamentally different rotation changes to those which occur during 
the unfolding of the «-helix. 


2. The Effect of Solvent on Configuration 


Harrington and Schellman (1957) argued that since the instability 
of hydrogen bonded structures is due mainly to the disruptive action 
of water it should be possible to increase their stability in solvents 
where the activity of water is much reduced and proposed as such an 
agent concentrated solutions of lithium bromide. The effect of adding 
increasing concentrations of this salt to a solution of oxidized ribo- 
nuclease is summarized in Table 4. Harrington and Schellman 
found that the specific rotation fell progressively and /, increased until 
at the higher concentrations the one was lower and other higher than 
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TABLE 4 
The Optical Rotation of Oxidized Ribonuclease in Lithium Bromide 


Cone. LiBr 
(M) 


0 

2-58 
4:30 
5:73 
6-93 
9-90 

Native RNase 
0-1M KCl 


the values for native ribonuclease. At the same time the temperature 
coefficient of rotation changed from being negative in the absence of 
lithium bromide to slightly positive at high concentrations of the salt 


KCL 


| 


Temperature, *¢ 


Fig. 4. Dependence of specific rotation on temperature for oxidized 
ribonuclease (Harrington and Schellman, 1957). 


(Fig. 4). In concentrated lithium bromide solutions therefore oxidized 
ribonuclease has all the optical properties of a tightly folded, helical 
structure in direct contrast to its configuration in water. 
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With native ribonuclease similar changes were noted (Fig. 5). 
The above authors observed that at low concentrations of the salt the 
specific rotation fell as more hydrogen bond formation occurred in the 
native molecule. At just over 2M however the reduced viscosity 
increased sharply. Here the ribonuclease molecule apparently 
abandons its original compact form in favour of another more extended 
form. 


Conc. Libr., M 


Fig. 5. Effect of lithium bromide on the specific rotation, intrinsic 
viscosity and ultraviolet absorption maximum of ribonuclease 
(Harrington and Schellman, 1957) 

Nsp/C O Amax- 


Harrington and Schellman suggested that the new form could, at 
high concentrations of lithium bromide, become even more helical in 
configuration than native ribonuclease. They based their suggestion 
on the fact that the specific rotation at the highest lithium bromide 
concentration was somewhat lower than the lowest value (at about 
2-5 M lithium bromide) for the native configuration. The difference is 
however too small (of the order of 5°) to conclude that the new con- 
figuration can in fact be characterized by a greater tendency to adopt 
a helical configuration. Nevertheless, they were able to find inde- 
pendent evidence for the transition from the native to another 
configuration. They noted that the maximum of the ultra-violet 
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absorption spectra shifted from 2775 to 2740 A with increasing salt 
concentration, indicating that at least a proportion of the tyrosine 
residues have an altered environment. The new ribonuclease structure 
was actually more stable towards heat than the original configuration. 
Whilst the latter underwent a reversible configurational change above 
50°C (Schellman, 1958b) the new configuration remained tightly folded 
and unaltered to above 90°C. 

Harrington and Sela (1959) have compared the properties of 
oxidized ribonuclease with those of the reduced S-carboxymethyl 
derivative of ribonuclease. Optical rotation, sedimentation and 
viscosity measurements confirmed that both had typical random coil 
configurations. They concluded that since the single long chain of 
these two forms of ribonuclease cannot adopt a helical configuration 
in water the disulphide bridges in native ribonuclease must help to 
stabilize certain hydrogen bonded helical regions against disruption 
by water molecules. Clearly if this is so the disulphide bridges are not 
acting in any way to prevent helix formation. 

Not all proteins respond like ribonuclease when dissolved in lithium 
bromide solutions. For example, although the specific rotation of 
bovine serum albumin increased considerably in urea (Harrington 
and Schellman, 1957) it was not affected by high concentrations of 
lithium bromide. Thus, unlike ribonuclease, bovine serum albumin 
appears to possess the maximum number of hydrogen bonds consistent 
with the constraints of the disulphide bridges. 

It will be of considerable interest to follow the behaviour of a wider 
series of proteins in lithium bromide solutions. As it stands, provided 
side reactions like aggregation do not occur, the possibility of varying 
the proportion of helix by suitable choice of solvent (see also page 222) 
can in conjunction with other measurements such as deuterium 
exchange provide a valuable new technique for the study of configura- 
tion. 


3. Changes in Configuration caused by Chemical Agents 
and Enzymes 
Optical rotation has proved to be an extremely useful property for 
following changes in protein structure during interaction with either 
chemical agents or enzymes and a number of examples can be given. 
Markus and Karush (1957) have followed the configuration changes of 
human serum albumin consequent upon the binding of sodium dodecyl 
sulphate. They found that the association of a small number of 
detergent molecules actually enabled the albumin to adopt a more 
helical and stable structure. At this concentration the detergent 
completely protected the albumin from denaturation by urea. At 
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higher detergent concentrations however the protein became more 
laevorotatory, indicating a partial break up of the coiled peptide 
chains. In the presence of this amount of detergent all seventeen 
disulphide links were ruptured by $-mercaptoethylamine and at the 
same time the specific rotation fell significantly. These authors 
therefore suggested that breaking the disulphide bridges allows the 
molecule to assume a more helical configuration. Turner et al. (1958) 
have pointed out in this connexion that since cystine has an unusually 
high residue rotation the destruction of the disulphide bridges will in 
itself cause a considerable fall in optical rotation. They believe, on 
the basis of model calculations, that the observed decrease in optical 
rotation is due mainly to this effect and not to changes in the proportion 
of helical configuration. 

Neurath et al. (1956) have found similar decreases in laevorotation 
during the activation of chymotrypsinogen and trypsinogen. In both 
cases the rupture of the peptide chain in a specific location is appa- 
rently followed by the coiling of the free end of this chain. 


4. Configuration and the Optical Rotation and Dispersion of 
Synthetic Polypeptides 
A quite different but most important approach to the problem of 
protein configuration has been worked out by Doty, Blout and their 
colleagues. This group has made use of the reversible interconversion 
from helical to random coil configuration that certain synthetic 
polypeptides undergo to calibrate the physical methods of optical 
rotation and infra-red absorption which are configuration sensitive. 
This work hinged on the successful synthesis of polypeptides such as 
poly-y-benzyl-L-glutamate of various chain lengths up to a molecular 
weight of about 300,000 (Blout et al., 1954; Blout and Karlson, 1956). 
They were then able to show by unequivocal physical measurements 
(Doty et al., 1954; Doty et al., 1956) that in solvents of low hydrogen 
bonding capacity—chloroform, ethylene dichloride and more recently 
2-chloroethanol—intrachain peptide hydrogen bonds form and the 
polypeptide has helical configuration. Conversely in solvents of high 
hydrogen bonding capacity—dichloracetic or trifluoracetic acid— 
strong hydrogen bonds form between the peptide CO and NH groups 
and the solvent and the configuration has the characteristics of a 
solvated random coil. In the first group, for example, not only was the 
variation of intrinsic viscosity or radius of gyration with molecular 
weight close to that expected for rigid rods but the lengths in A 
calculated from light scattering measurements were equal to 1-5 
times the degree of polymerization. The factor 1-5 can be recognized 
as the residue translation in an «-helix. 
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The specific rotation of the helical configuration of poly-y-benzyl- 
L-glutamate and a number of other polypeptides was positive (sodium 
D-line) whilst that of the random coil configuration was always 
negative and the transition between the two forms occurred sharply 
at some particular proportion of the two types of solvent (Doty and 
Yang, 1956) (see e.g. Fig. 10). It will be recalled that a rotation change 
in the same direction and a sharp transition either with respect to 
solvent composition or temperature are also characteristic of the 
denaturation of proteins. 


(7) 


‘Tonization 


Poly-L-Glutamic acid 
in Dioxane -0:-2M NaCl 
(1:2 by volume) at 25°C 


-40° 


% lonization 


-60° 


| -80°} 


0:3 
pH 


Fig. 6. Variation of specific rotation, intrinsic viscosity and 
degree of ionization for poly-L-glutamie acid in 0-2 M NaCl-dioxane 
(Doty et al., 1957). 


Removal of the benzyl group with anhydrous HBr gave a series of 
poly-L-glutamic acid polymers of somewhat lower molecular weight 
but with the additional property of being soluble in aqueous solution 
(Doty et al., 1957). The reversible transition between the two polymer 
configurations now becomes pH dependent. The helical form with 
positive specific rotation is stable only when the y-carboxyl groups 
are largely unionized (Fig. 6). At higher pHs the electrostatic repul- 
sion of the ionized carboxyl groups prevents helix formation and the 
configuration is again a random coil with the usual laevorotation. 
Viscosity changes follow the same general pattern as_ specific 
rotation. 

The differences between the two forms are amplified by dispersion 
measurements. For the random coil form the dispersion obeyed a 
single term Drude equation (equation (2)) but was more complex for 
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the helical configuration and required an equation of the following 
form (Doty and Yang, 1956). 


\? 
[Ryac] = Ay 72 22 by .(3) 


The first term in this equation is a Drude term and the second with the 
constant by is due to the helical configuration. A plot of specific 
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Fig. 7. Rotatory dispersion of poly-y-benzyl-L-glutamate (Mol. wt. 
130,000) in several solvents. (Yang and Doty, 1957). 


rotation against wavelength clearly shows the differences between 
simple and complex dispersion (Fig. 7) and emphasizes the dependence 
of rotation on solvent composition, particularly for the random coil 
form (Yang and Doty, 1957). The usual dispersion plot of /?.[«] v [a] 
is linear for simple dispersion but curved for complex dispersion. 
In the latter case the data is generally fitted by trial and error into 
equation (3) to find the value which gives a linear plot of 


1 
[Byac] (2? 4) v 72 — 
With the value of 2, thus derived the helix gives a line of slope 5,4), 
the random coil a line of zero slope and mixtures of the two configura- 
tions a line of intermediate slope. 
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Doty (1959) has noted that the dispersion data for a number of 
polypeptides in the helical configuration when plotted in this way are 
all linear for 2, = 2120 A and that the slopes 6, cluster around the 
value —630. The constant 6, appears therefore to characterize in an 
empirical way the complex or anomalous dispersion of helical poly- 
peptides. Although the rotation of both helical and random coil 
configurations are dependent on solvent the change in rotation 
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L/(D+L) 
Fig. 8. Mean residue rotations of polyleucine (Downie et al., 1957) 
(a) CygH,-m-cresol 
(b) CF,COOH. 


between the two forms is not due to solvent affects alone and may 
therefore be ascribed to the helical configuration. Once again the 
change is in the same direction, i.e. towards dextrorotatory values for 
the transition from random coil to helix in all the above polypeptides, 
suggesting that one helical sense predominates. Some elegant 
experiments by Downie et al. (1957) illustrate this particular point. 
These authors measured the mean residue rotations of a series of 
polyleucines containing different proportions of the L- and pD-residues. 
In a solvent chosen to give the random coil configuration, CF,COOH, 
the mean residue rotation is determined directly by the excess of 
L- over D-residues (Fig. 8). 

In benzene-m-cresol, however, the optical dispersion for the poly- 
peptides with a fractional proportion of L-residues L/(L + D) greater 
than 0-7, was complex, confirming their helical configuration. The 
small negative rotation of poly-L-leucine in this solvent must now arise 
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as the sum of the large negative rotation of the L-residues—the same 
as in the random coil configuration—and the slightly smaller positive 
rotation of the «-helix itself. When a proportion of D-residues are 
incorporated into the polypeptide the rotation alters linearly, at least 
to L/(L + D) of about 0.7, as part of the negative rotation of the L- 
residues is cancelled by the opposite rotation of the added p-residues. 
Because the change is linear the original helical sense of the poly-L- 
leucine must be maintained in the new mixed (L + D) — polymer. 
If the linear part is extrapolated to a value of L/(L + Dd) =0-5 then 
the residue rotation of the equal quantities of L- and D-residues cancel 
and the mean residue rotation at this point is the actual rotation— 
often called form rotation—of an «-helix of meso composition. The 
value for polyleucine was +-96° and in view of Elliott and Malcolm’s 
(1959) analysis of poly-L-alanine fibres this almost certainly refers to 
right-handed helices. In practice below L/(L + D) = 0-7 the mean 
residue rotation ceases to be linear with composition and the helices 
are therefore no longer all right-handed. At the meso composition 
equal amounts of right and left-handed helices exist, their residue 
rotations cancel, and the mean residue rotation becomes zero. 

When the dispersion data were analysed using a value of A, of 
2120 A by varied from —460 at L/(L + D) = 0-875 to —513 for the 
meso polymer. Alternatively for a A, of 2000 A the values of 6, all 
approximated to —640. Using a different experimental design Doty 
and Lundberg (1957) obtained a value of —513 for by (using Ay = 2120 
A) of a right-handed meso polymer of y-benzylglutamate which is in 
good agreement with the results of Downie et al., (1957) but sub- 
stantially lower than the value of —630 for the L-enantiomorph. 
Fitts and Kirkwood (1957) have recently given a theoretical account 
of the origin of the complex dispersion of helical structures and have 
calculated the rotation expected for a right-handed helix. This 
agreed both in magnitude and sign with the experimentally determined 
values. Moffitt, Fitts and Kirkwood (1957) have also pointed out that 
the expression originally derived by Moffitt (1956) for the dispersion 
of helices—equation (3)—has only an empirical basis. The many 
problemsassociated with the interpretation of optical rotation measure- 
ments are discussed in an excellent review by Kauzmann (1957), 


5. Interpretation of the Optical Properties of Proteins using 
Synthetic Polypeptides as Models 

Yang and Doty (1957) have suggested that the optical rotation and 

dispersion measurements on synthetic polypeptides can be used in 

three ways to interpret the equivalent data on proteins in terms of 

configuration. 
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(1) The specific rotations of the helix and random coil configurations 
of the water soluble poly-L-glutamic acid can be used to define a scale 
of helical content. When corrected to the mean residue weight of 
proteins these values become +6° and —90° respectively. The 
completely random coil end of the scale may be set either at —90° 
or shifted to the average value for denatured proteins at —110°. 
In both cases the total scale is about 100° and the helical content of a 


Fig. 9. Dispersion data for poly-L-glutamic acid in helical and 
random coil forms and in mixtures of these two forms. (Yang and 
Doty, 1957). (Broken line gives [«]p). 


protein can be determined simply by its mean residue rotation with 
respect to this scale. A rather more refined analysis which included 
the data from a number of polypeptides (Doty, 1959) leads to a 
difference of 115° between the helix and random coil configurations. 
The method could be even further refined by correcting the scale to 
the actual mean residue weight of the protein under investigation 
and also by adjusting the specific rotation of the protein for any gross 
anomaly introduced by amino-acid residues such as proline, tyrosine 
ete. 

(2) Since the helical form of a synthetic polypeptide has a charac- 
teristic complex dispersion the same might be expected for proteins 
with completely helical polypeptide chains. In fact all the proteins 
examined by Yang and Doty showed the simple dispersion usually 
associated with the random coil. However an examination of the 
dispersion data for mixtures of helical and random coil configurations 
(Fig. 9) revealed that the dispersion remained simple up to about 
40 per cent helix. 

Within the range 0-40 per cent helix A, increased linearly from 
2120 to 2680 A and can therefore be used as a measure of helical 
content 
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(3) The dispersion data for proteins when plotted according to the 
complex form (equation (3)) using 4, of 2120 A give straight lines of 
slope by. The proportion of helix configuration can then be determined 
from the ratio by/—630. 

The extent of helical configuration in a number of proteins deter- 
mined by these methods is shown in Table 5 and compared with the 
estimates given by Schellman and Schellman (1958). 


TABLE 5 
Helical Configuration from Optical Properties 


Percentage Helical Configuration 


Protein Yang and Doty Schellman and 
| Schellman 
A. by/ —630 ARyac/93 


Insulin 35* — 38 66 


Bovine serum albumin 47 37 46 56 
Ovalbumin 79 42 31 79 
Lysozyme 37 30 29 46 
Pepsin — — | 31 | 24 


Ribonuclease 20 14 | 16 39 


* Using [«],, = —66-7° for 100 per cent random coil. 


Values based on the actual specific rotation of the protein (columns 
headed [x], and AR,,./93) are reasonably close because of the simi- 
larity of the two scales but are also subject to uncertainty in the 
reference points arising from the effects of solvation. Helical contents 
based on A, or 6, are in general lower and the latter are perhaps the 
most reliable. It is of considerable interest that insulin and especially 
ribonuclease appear to have a large proportion of unfolded secondary 
structure. The deuterium exchange experiments gave somewhat 
higher proportions of helical configuration (page 207). 

Further support for the concept of partial helical structures is 
again found in the experiments with solvents of hydrogen bonding 
capacity different from that of water. Moreover this work, as well as 
some recent optical rotation and dispersion studies on soluble fibrous 
proteins and a comparison of optical rotation with infra-red absorption 
results all provide justification for relating optical rotation properties 
to configuration by the methods discussed above and are therefore 
discussed in the following sections. 
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6. Configuration of Proteins in Solvents of Low Hydrogen 

Bonding Capacity 
In experiments reminiscent of the lithium bromide experiments of 
Harrington and Schellman (1957) Imahori et al. (1957) (see also 
Doty, 1959) found that with one exception the helical content of 
certain proteins (determined using by) increased significantly when 
2-chloroethanol was added to the aqueous solution (Table 6). The 


TABLE 6 
Effect of 2-Chloroethanol on the Extent of Helical Configuration 
(Doty, 1959) 


Percentage Helical Configuration 


Protein 
H,O 2-Chloroethanol 


Insulin 38 45 
Bovine serum albumin 46 75 
Ovalbumin 31 85 
Lysozyme 29 63 
Pepsin 31 44 
Ribonuclease 16 67 


solvent 2-chloroethanol has a comparable polarity and cohesive 
energy density to water but a lower hydrogen bonding capacity. 
What is more the greater helical configuration of these proteins was 
emphasized by the change in the dispersion from simple to the complex 
form typical of the helical synthetic polypeptides. The exception to 
this behaviour was insulin and to a less extent pepsin. A possible 
explanation in the case of insulin is to be found in the model proposed 
by Lindley and Rollett (1955) for the insulin molecule. Because of 
the restrictions imposed by the disulphide bridges some 20 per cent 
of the amino-acid residues are in left- rather than right-handed 
helices and will therefore cancel the rotation and dispersion of an 
equal number of residues in the right-handed helices. Thus the helical 
content detectable by dispersion measurements will be only about 
60 per cent even when all the residues are in fact in helices. Strictly 
therefore optical rotation methods measure the excess of right- over 
left-handed helices (or vice versa). 

The configurational changes that ribonuclease undergoes in 
2-chloroethanol are completely reversible (Doty, 1959) and the 
disruption of the more helical configuration on returning to aqueous 
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systems shows how water, acting as a hydrogen bond breaking agent, 
plays a major role in determining protein structure in solution. 


7. Configuration of Fibrous Proteins 


The interpretation of dispersion measurements by the Yang and Doty 
procedures have been greatly stimulated by the agreement between 
dispersion and other physical measurements with certain soluble 
fibrous proteins. Light scattering experiments showed that tropo- 
myosin from Pinna Nobilis has a molecule which is 1400 A long and 
18-5 A wide (Kay, 1958). In addition tropomyosin has a prominent 
1:5 A spacing in its X-ray diffraction pattern. These results are 
reasonably consistent with a single long «-helix as a model for this 
protein. The actual dimensions of such a model would be 1700 A 
long by 15-5 A wide. Dispersion measurements (Kay and Bailey, 
1959) showed exactly the same picture. Not only was the dispersion 
of tropomyosin complex but the value of b, (—650) came very close 
to the value (—630) which typifies the completely helical configuration 
of many polypeptides. In 8 M urea the dispersion changed to the 
simple form and 2, now had the value characteristic of the random coil 
configuration. Doty (1959) found that the proportion of helix in 
tropomyosin increased slightly in 2-chloroethanol. The original 
aqueous configuration has therefore small regions of disorder which 
presumably account for the reduced length and increased width 
compared with the «-helix model. 

A number of other fibrous proteins, e.g. the meromyosins and 
myosin have a largely helical secondary structure (Cohen and Szent- 
Gyorgi, 1957) and these authors (Szent-Gyorgi and Cohen, 1957) have 
pointed to a possible inverse relationship between proline and helical 
content. Proteins which in the native state are rather more than half 
helical contain apparently less than 3 per cent proline. Pinna Nobilis 
tropomyosin is an outstanding example for it is entirely devoid of 
proline even though its molecule contains between 1100 and 1200 


amino-acid residues. 


8. Helical Content from Infra-red Absorption 
Copoly-L-lysine-L-glutamic acid has a completely helical configuration 
in 2-chloroethanol (b, = —630) and a completely random coil 
configuration in trifluoracetic acid (b, = 0) (Doty et al., 1958). The 
specific rotation in mixtures of these two solvents varied in the usual 
manner between +-12° and —94° (Fig. 10). 

The helical form had a sharp carbonyl absorption band at 1655 
em~! which moved to 1635cm~! for the random coil and it was 
possible to use the ratio of the relative intensities of these two bands 
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as a measure of helical content. According to Doty et al. the values 
so obtained agreed with those determined from dispersion measure- 
ments over the entire range of solvent composition. The same was 
true for ovalbumin whose specific rotation followed closely that of 
the copolymer. There is apparently in both substances a distribution 
of helix stability for various regions within the molecule for the 
transition region stretches over a considerable range of solvent 


| 
Copoly -L-Lysine-L- Glutamic acid 


-100 
0 20 40 


Chloroethanol Trifluoroacetic acid 
Fig. 10. Specific rotation of copoly-L-lysine-L-glutamic acid and 
ovalbumin in 2-chloroethanol and trifluoroacetic acid (Doty et al., 
1958). 


composition. Although the agreement between the two methods for 
the copolymer and ovalbumin is impressive it still remains that the 
1655 em-! band is not unique for the «-helix configuration and is, 
for example, found in disordered configurations of lysozyme and the 
sodium salt of poly-L-glutamic acid (Elliott et al., 1958). 


9, Discussion 

Many experiments therefore favour the partitioning of the secondary 
structure between helical and random coil configuration. In spite 
of this, however, there still remain several controversial points. 
The first of these arises from the fact that the successful use of 
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dispersion measurements in determining the proportion of helix in a 
polypeptide chain depends on the existence of a unique value for 
the constant b, for the completely helical configuration. For all the 
polypeptides used in the original studies 6, was in fact constant at a 
value of —630-+ 10 per cent. In a more recent examination of a further 
series of polypeptides quite different results have been obtained. 
Positive rather than negative values of b) have been reported by 
Elliott et al. (1957) for poly-L-tyrosine in dimethylformamide and in 
pyridine and for its sodium salt in films or aqueous solution. Blout 


TABLE 7 
Comparison of the Optical Properties of poly-B-benzyl-aspartates 
and poly-y-benzyl-glutamates 
(Blout and Karlson, 1958) 


CHCI,COOH CHCl, 


Polypeptide Mol. Wt. 


| bo [a], bo 


Poly-f-benzyl-L-aspartate 30,000 —18 0 —168 
Poly-f-benzyl-p-aspartate 35,000 +19 0 +-174 ~425 


Poly-y-benzyl-L-glutamate 24,000 | —15 0 +14 363 
Poly-y-benzyl-p-glutamate 140,000 +17 0 -18 +482 


and Karlson (1958) not only found positive values of 6, with poly-p- 
benzyl-L-aspartate but also a decrease in laevorotation when dichlor- 
acetic acid (the usual ‘“‘random coil solvent’’) was substituted for 
chloroform (the “helix solvent’’); behaviour exactly opposite to that 
of poly-y-benzyl-L-glutamate (Table 7). 

The pb-enantiomorph, on the other hand, had properties corre- 
sponding to poly-y-benzyl-L-glutamate. Katchalsky and his colleagues 
(see Katchalsky, 1959) have confirmed the findings of Elliott et al. 
(1957) with poly-L-tyrosine and obtained similar results with poly- 
O-carbobenzoxy-L-tyrosine. With poly-L-tyrosine, unlike poly-p- 
benzyl-L-aspartate the direction of the change in specific rotation 
between solvents of different hydrogen bonding capacity was in 
general the same as for poly-y-benzyl-L-glutamate, although rather 
more complex. Two other polypeptides, poly-L-histidine and poly- 
1-benzyl-L-histidine had similar rotation properties to poly-f-benzyl- 
L-aspartate. Furthermore the specific rotation of poly-L-histidine 
became more positive (dextrorotatory) on ionization in contrast 
to the behaviour of poly-L-glutamic acid and poly-L-lysine. The 
optical rotation properties of this group of polypeptides are therefore 
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different in many ways from the group characterized by poly-y- 
benzyl-L-glutamate. How this affects the interpretation of the optical 
properties of proteins is not yet clear. For one thing the configurations 
of the above group in the various solvents are completely unknown. 
Then again even if the configuration is helical in the appropriate 
solvent it is likely that the chromophoric /-substituents common to 
all these polypeptides will strongly affect their optical rotation. This 
may either be a result (Doty, 1959; Katchalsky, 1959) of the 
arrangement of the side chains themselves in a second outer helix or of 
the direct interaction of the side chains with the polypeptide 
backbone. 

Finally it can be noted that poly-L-proline and poly-L-hydroxy- 
proline attain quite different asymmetric configurations from the 
other polypeptides (Cowan and McGavin, 1955) and these are reflected 
in their own unique optical properties (Kurtz et al., 1956). The 
reversible mutarotation of poly-L-proline occurs by cis—trans iso- 
merization at the peptide bond between two forms, poly-L-proline 
I the cis right-handed helix and poly-t-proline IT the trans left-handed 
helix (Katchalski, 1959). 

Another point which ultimately has to be considered is the validity 
of using the optical rotation and dispersion measurements on long, 
high molecular weight polypeptides to interpret similar data on 
proteins which have in general much shorter chain lengths. A direct 
experimental check could be made by determining the optical 
properties of low molecular weight synthetic polypeptides but here 
the difficulty has been to obtain such compounds with a sufficiently 
narrow range of molecular weights (Doty, 1959). 

Yet another query concerns the possible optical rotation arising 
from the tertiary structure of proteins. It is known for instance that 
in concentrated solutions of poly-y-benzyl-L-glutamate the individual 
a-helical molecules align themselves in a liquid crystalline structure 
characterized by a helical twist of very large and uniform pitch 
(Robinson et al., 1958). This structure, moreover, has a form optical 
rotation which is distinct from and very much greater than the form 
rotation of the «-helix itself. Any regular ordering of the helical 
peptide chains within a protein molecule could conceivably produce a 
similar effect and thereby vitiate the comparison of the optical 
properties of proteins and synthetic polypeptides in dilute solution. 

The determination of configuration by optical methods assumes one 
general model for all proteins. It is not therefore surprising, in view of 
the great diversity of physiological function, to find a number of 
proteins which do not fit into any common pattern. One such protein 
is pepsin. Perlmann (1959) has found that the dispersion constant /,, 
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of the native protein has a value 2160 A within the range thought to 
be characteristic of denatured proteins (Schellman and Schellman, 
1958). Moreover its value increased somewhat rather than decreased 
in 3M guanidine chloride or 8 M urea. In the same solvents the 
specific rotation was either the same or even slightly less, depending 
on the wavelength chosen, than that of the native protein. Guanidine 
chloride and urea therefore have little effect on the configuration of 
pepsin and it does in fact retain full enzymic activity in both solvents. 
Lithium bromide up to concentrations of 5 M also had only a slight 
effect; A, increased slightly whilst the specific rotation fell from 
—63-4° to —54-8° and to lower values on standing. Intra- or inter- 
chain hydrogen bonds clearly play only a minor role in stabilizing its 
configuration. On the other hand the unusually high proportion of 
non-polar amino-acid residues in pepsin suggests that hydrophobic 
forces may be predominant in this molecule. Jirgensons (1958a,b) 
has found further exceptions to the classification and inverse relation- 
ship between specific rotation and A, proposed by Schellman and 
Schellman (1958). The y-globulins, Bence-Jones protein and pan- 
creatic amylase have 4, values below 2200 A yet specific rotations 
close to zero. Again trypsin inhibitor has the optical properties of a 
denatured protein (A, = 2100 A, specific rotation high and laevoro- 
tatory) even though it possesses full biological activity. It is obvious 
that no general correlation between specific rotation and A, exists for 
all proteins, nor is a low value of A, by itself a criterion of denaturation 
and unfolding. The most reliable optical property for differentiating 
between native and unfolded proteins appears to be the temperature 
coefficient of rotation (page 212) and no exceptions to this rule have 
been reported. 

An attempt to provide an independent check on the principle that 
changes in specific rotation can be interpreted in terms of changes in 
the proportions of two basic types of structure has recently been made 
by Kauzmann (1958). This author has measured the volume changes 
which occur during the acid titration of ovalbumin and bovine serum 
albumin. Ovalbumin behaved as a completely rigid molecule down 
to pH 2, the volume increase over this pH range corresponded to the 
usual volume change associated with the addition of protons to ionized 
carboxyl groups. In water below pH 4 the bovine serum albumin 
molecule contracted and at the same time the specific rotation 
became more laevorotatory. The addition of 0-15 M KCl eliminated 
virtually all (90 per cent) the increase in laevorotation but only about 
half of the volume contraction. If it is assumed that the helix and 
random coil configuration make independent contributions to the opti- 
cal rotation then they cannot do so to the volume changes. It is not 
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clear why this should be so for as Kauzmann comments ‘‘volume 
changes should be just as intimately related to chain configuration as 
optical rotation’’. 

The final question relates to the nature of the non-helical parts of 
the peptide chains, the so-called random coil configuration. As far 
as the optical rotation studies are concerned, this configuration can 
describe any type of fold provided it is completely irregular and 
therefore makes no contribution to the optical rotation apart from that 
of its asymmetric centres. Such arguments implicitly exclude the 
only other regular structure known in protein chemistry, namely 
the f-structure. However, Blout and Asadourian (1956) and Yang 
and Doty (1957) have found evidence for aggregates appearing to 
have the #-form in synthetic polypeptides of short chain length 
where the «-helix cannot form. The f-form, like the random coil form 
exhibits simple dispersion (see also Elliott et al., 1958) but has a more 
positive rotation which is concentration dependent. Significant 
amounts in protein structure would probably be detected by optical 
rotation measurements. 

Returning again to the random coil configuration it may be noted 
that the non-helical configuration need not necessarily possess the same 
flexibility as a random coil. Indeed a protein structure in which large 
segments have complete freedom of orientation would be at variance 
with the high degree of specificity characteristic of many reactions 
in which proteins take part. Provided the pattern remains irregular 
the “random coil” can in fact have any degree of rigidity even 
approaching that of the helix itself. Accepting this it only remains to 
show that irregularity and specificity are not mutually exclusive and 
here some important experiments by Richards (1958) on ribonuclease, 
a protein with extensive random coil configuration, provide a suffi- 
ciently complete answer. Richards showed that subtilisin under 
controlled conditions splits one peptide bond in ribonuclease located 
twenty amino-acid residues away from the N-terminal residue. 
The peptide and residual protein separated by precipitation with 
trichloracetic acid had separately less than 5 per cent of the activity 
of the native ribonuclease. When solutions of the peptide and residual 
protein were mixed in equivalent amounts the full activity of ribo- 
nuclease was immediately recovered. The recombination of the two 
parts of the original ribonuclease has no lag phase even in dilute 
solution but it can be prevented by 8M urea. The binding of the 
twenty amino-acid peptide to the ribonuclease residue is therefore 
achieved by hydrogen bonding and only a high degree of specificity 
with fully complementary surfaces for peptide and protein residue 
would allow such a rapid reaction. Thus although the peptide chains 
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in ribonuclease may have irregular folds at least part of the structure 
is rigidly held in a unique configuration. 


VI. Tue ROLE oF SUBSTRATE IN DETERMINING PROTEIN 
CONFIGURATION 


The dominant effect of solvent on protein configuration has been 
repeatedly stressed. A new and important concept, namely that a 


TABLE 8 


Unfolding and Refolding of Ribonuclease 
(Anfinsen, 1958) 


Ae x 108 
Solvent Anion 
at 285 myu* 


Nsp/C 


H,O ; — 1120 —71-7° 0-036 
8Murea | — —103-7° | 0-085 
8Murea | 0-01 M phosphate 900 —99-9° 0-070 
8Murea 0-15 M phosphate 1120 —81-0° 0-050 
8Murea 0-15 M arsenate 1120 —80-7° — 
8 M urea 0-15 M pyrophosphate 1120 
8 M urea 0-055 M polymetaphosphate 1120 ~82-8° 

| 0-052 


8Murea | 0-15M uridylate — — 


* With reference to spectra in 8 M urea. 


substrate can also determine configuration, has recently been intro- 
duced by Anfinsen (1958). Anfinsen ef al. (1955) had previously 
found that ribonuclease was fully active towards RNA in 8 M urea 
and suggested that the enzyme activity was not dependent on an 
intact system of hydrogen bonds. Urea causes marked shifts in the 
ultra-violet spectrum of ribonuclease associated with the disruption 
of tyrosine hydroxyl hydrogen bonds. Taken together with the large 
increase in intrinsic viscosity (Table 8) it is an indication of the 
loosening of the specific structure of this enzyme. 

The spectral shifts (measured with reference to the spectra in 8 M 
urea) can however be reversed with certain anions of which ortho- 
phosphate, arsenate, polymetaphosphate and uridylate are most 
effective. It would appear that these ions—and by analogy the sub- 
strate RNA—are capable of refolding the peptide chains and reforming 
the tyrosine hydrogen bonds even in high concentrations of urea. 
If the extent of refolding is judged by the specific rotation or intrinsic 
viscosity then it is not complete and a certain amount of structural 
alteration can be tolerated without loss of enzyme activity. 
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VII. ConFIGURATIONAL HETEROGENEITY OF PROTEINS 


Because certain regions of the peptide chains in proteins have an 
irregular pattern and more especially because configuration can be 
readily altered by changes in solvent composition there arises the 
possibility that a protein in solution exists not in one unique con- 
figuration but rather in a number of energetically equivalent con- 
figurations all in equilibrium. If this is so then a protein may be 
homogeneous in terms of amino-acid composition and sequence but 
heterogeneous in terms of configuration. Furthermore it might then 
be possible to detect the different configurational isomers by those 
physical techniques which involve transport e.g. sedimentation and 
electrophoresis. A number of major problems arise however in such 
attempts. In the first place it is necessary to determine the extent 
of any other type of heterogeneity. A discussion of this topic is 
beyond the scope of the present review; clear accounts of the many 
factors involved are given by Colvin et al. (1954) and Baldwin 
et al. (1956). It is sufficient here to emphasize that it must involve an 
exhaustive examination of the protein by several physical methods. 
In moving boundary electrophoresis, for example, experiments under 
conditions where boundary anomalies are emphasized rather than, as 
is usual, suppressed are necessary to detect protein components of 
similar mobility (Hoch, 1950; Johnson et al., 1950; Rosemeyer and 
Shooter, 1958). Moreover interaction of the protein with the com- 
ponents of the buffer system often produces considerable complications 
(Cann, 1958; Charlwood, 1958). 

Then again the resolution of different configurational forms will 
depend on the rates of interconversion of the various forms. Cann 
et al. (1957) have shown that provided the half life of the reaction is 
comparable to the length of the experiment then the different forms 
may be detected. In addition Gilbert (1955, 1958) has given an analysis 
of the types of schlieren pattern to be expected for interacting systems. 

Bearing these points in mind it is possible to give two examples of 
configurational isomers. O’ Donnell et al. (1958) have found that at low 
ionic strengths thyroglobulin consists of two sedimenting species, the 
faster component being the native protein (N) and the slower another 
form of thyroglobulin called «. The increase in reduced viscosity at 
low ionic strength and the increase in the proportion of « with increas- 
ing protein concentration (if « were a dissociation product the reverse 
would hold) led these authors to conclude that « was a different and 
more expanded form of N thyroglobulin. It is significant that « was 
digested more rapidly by papain than N thyroglobulin and « can 
therefore be considered as the labile form of the protein in equilibrium 
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with the native protein. The second example is the reversible pH 
dependent transformation of bovine serum albumin described by 
Aoki and Foster (1956). Here two isomeric forms can be detected by 
moving boundary electrophoresis at low protein concentrations in 
acetate or chloride buffers at pH 4-0. 


VIII. Conctustons 


The main concept which has emerged from the recent work on con- 
figuration is that the peptide chains of proteins in solution are not 
completely helical. Furthermore, the actual configuration in solution 
is determined to a considerable extent by the properties of the solvent 
and the amount of helical configuration can, for example, be increased 
in solvents of lower hydrogen bonding capacity to that of water. 
It is therefore clear that proteins do not have an invariant configura- 
tion even under conditions where they remain native. Estimates 
of the proportions of helical to irregular or random coil configuration 
have been made mainly from optical rotation and dispersion measure- 
ments but their accuracy cannot properly be assessed until more 
extensive results are available from deuterium exchange and infra- 
red absorption methods. However the recently reported agreement 
between optical and infra-red data (Doty et al., 1958) appears to be 
highly encouraging. One of the more important results has been the 
increase in the helical content of certain proteins in solvents of low 
hydrogen bonding capacity and it will be of particular interest to see 
if lithium bromide and 2-chloroethanol can be used successfully with a 
wider range of proteins without complicating side reactions. In the 
field of synthetic polypeptides perhaps the outstanding task is to find 
the reasons for the differences in the rotational properties of polymers 
with #-substituents compared with those of say poly-y-benzyl-L- 
glutamate. In spite of the many problems which still remain, it 
is now possible to gain some knowledge of the spatial arrangements of 
the peptide chains in proteins and in consequence to follow alterations 
in their configuration arising from the specific biological activities 
and interactions of proteins in living cells. In making this a real 
possibility the development of these new techniques must rank as a 
major advance in biochemistry. 


ACKNOWLEDGEMENTS 


The author is indebted to Professor P. Doty and E. Katchalsky and 
Drs. A. Elliott and G. Perlmann for allowing him to quote from 
manuscripts prior to publication. He wishes also to thank Dr. E. M. 


OL. 
lo 
966 | 


232 E. M. SHOOTER 


Crook for his extremely helpful and constructive comments on the 
manuscript. Finally he would like to express his appreciation to 
Dr. R. L. Baldwin and M. A. Rosemeyer as well as to Dr. Crook for a 
number of enlightening discussions. 


REFERENCES 


ANFINSEN C. B. (1958) The structure of ribonuclease in relation to its enzymatic 
activity and physical properties. Symposium on Protein Structure. Ed. 
A. NEUBERGER, Methuen, London, 223-239. 

ANFINSEN C. B., Harrineton W. F., Hvipt A., LinperRstreM-Lane K. U., 
OrrEsEN M. and SCHELLMAN J. (1955) Studies on structural basis of 
ribonuclease activity. Biochim. biophys. Acta 17, 141-142. 

AoKkI K. and Foster J. F. (1956) Electrophoretic demonstration of the isomeriza- 
tion of bovine plasma albumin at low pH. J. Amer. chem. Soc. 78, 3538- 
3539. 

Batpwin R. L., Gostrne L. J., J. W. and ALBrerTy R. A. (1956) 
Transport processes and the heterogeneity of proteins. Disc. Faraday Soc. 
20, 13-24. 

Bet P. H. (1954) Purification and structure of #-corticotropin. J. Amer. chem. 
Soc. 76, 5565-5567. 

Bercer A. and Liryperstrem-Lana K. U. (1957) Deuterium exchange of 
poly-pt-alanine in aqueous solution. Arch. Biochem. Biophys. 69, 
106-118. 

Berna J. D. (1958) Structure arrangements of macromolecules. Disc. Faraday 
Soc. 25, 7-18. 

Buiout E. R. and Asapourtan A. (1956) Polypeptides. V, The infra-red spectra 
of polypeptides derived from y-benzyl-L-glutamate. J. Amer. chem. Soc. 
78, 955-961. 

Biout E. R. and Kartson R. H. (1956) Polypeptides. III, The synthesis of 
high molecular weight poly-y-benzyl glutamates. J. Amer. chem. Soc. 78, 
941-946. 

Biout E. R. and Karison R. H. (1958) Poly-f-benzyl aspartates; optical 
rotation and the sense of the helix. J. Amer. chem. Soc. 80, 1259-1260. 

Biout E. R., Karison R. H., Dory P. and Hararray B. (1954) Polypeptides. 
I, The synthesis and the molecular weight of high molecular weight 
polyglutamic acids and esters. J. Amer. chem. Soc. 76, 4492-4493. 

BorpTKER H. and Dory P. (1956) The native and denatured states of soluble 
collagen. J. Amer. chem. Soc. 78, 4267—4280. 

BreEsster S. E. (1958) Structure, molecular forces and aggregation reactions of 
macromolecules of complex polymers. Disc. Faraday Soc. 25, 158-166. 

BRoMER W. W., Staut A., DitteR E. R., Brrp H. L., Sryw L. G. and BEHRENS 
O. K. (1957) The amino-acid sequence of glucagon. I-VI. J. Amer. chem. 
Soc. 79, 2794-2810. 

Cann J. R. (1958) Effect of binding of ions and other small molecules in protein 
structure. IV, Two electrophoretically distinguishable types of interaction 
of bovine serum albumin with acidic media. J. Amer. chem. Soc. 80, 
4263-4264. 

Cann J. R., Krrkwoop J. G. and Brown R. A. (1957) Theory of isomerization 
equilibrium in electrophoresis. I. Arch. Biochem. Biophys. 72, 37-41. 


VOL 
lo 
196 


lo 
960 


The Configuration of Proteins in Solution 233 


CuHarRLwoop P. A. (1958) Electrophoretic behaviour of human serum albumin 
at pH 4. Biochem. J. 69, 627-632. 

CoHEN C. and Szent-Gyorat A. G. (1957) Optical rotation and helical polypeptide 
chain configuration in alpha-proteins. J. Amer. chem. Soc. 79, 248. 
Coxvin J. R., Suiru D. B. and Cook W. H. (1954) Microheterogeneity of proteins. 

Chem. Rev. 54, 687-711. 

Cowan P. M. and McGavrin 8S. (1955) Structure of poly-.-proline. Nature, 
Lond. 176, 501-503. 

Crick F. H. C. and KenpREw J. C. (1957) X-ray analysis and protein structure. 
Advanc. Protein Chem. 12, 133-214. 

Crick F. H. C. and Ric A. (1955) Structure of polyglycine. Il. Nature, Lond. 
176, 780-781. 

Crick F. H. C. and Watson J. D. (1954) The complementary structure of 
deoxyribosenucleic acid. Proc. roy. Soc. A223, 80-96. 

DonouwvE J. (1953) Hydrogen bonded helical configurations of the polypeptide 
chain. Proc. nat. Acad. Sci., Wash. 39, 470-478. 

Dory P. (1959) Optical rotation and the structure of polypeptides and proteins. 
Fourth International Congress of Biochemistry, Pergamon Press, London. 

Doty P., Brapspury J. H. and Horrzer A. M. (1956) Polypeptides. [V, The 
molecular weight, configuration and association of poly-y-benzyl-t- 
glutamate in various solvents. J. Amer. chem. Soc. 78, 947-954. 

Doty P., Horrzer A. M., BRapBury J. H. and Biout E. R. (1954) Polypeptides. 
II, The configuration of polymers of y-benzyl-t-glutamate in solution. 
J. Amer. chem. Soc. 76, 4493-4494. 

Doty P., Imanorr K. and KLeMPERER E. (1958) The solution properties and 
configurations of polyampholytic polypeptide, copoly-L-lysine-L-glutamic 
acid. Proc. nat. Acad. Sci., Wash. 44, 424-431. 

Dory P. and LunpBerG R. D. (1957) The contribution of the «-helical con- 
figuration to the optical rotation of polypeptides and proteins. Proc. 
nat. Acad. Sci., Wash. 48, 213-222. 

Dory P., Wapa A., YanG J. T. and Buiovut E. R. (1957) Polypeptides. VITI, 
Molecular configurations of poly-L-glutamic acid in water—dioxane 
solution. J. Polymer. Sci. 23, 851-861. 

Dory P. and Yane J. T. (1956) Polypeptides. VII, Poly-y-benzyl-L-glutamate; 
the helix-coil transition in solution. J. Amer. chem. Soc. 78, 498-500. 

DowntE A. R., A., HANBy W. E. and B. R. (1957) The optical 
rotation and molecular configuration of synthetic polypeptides in dilute 
solution. Proc. roy. Soc. A242, 325-340. 

Epsaut J. T. and Wyman J. (1958) Biophysical Chemistry. Academic Press, 
New York, 99. 

Exuiotr A. and Hanspy W. E. (1958) Deuterium exchange in polypeptides. 
Nature, Lond. 182, 654-655. 

Exuiorr A., Hansy W. E. and Matcorm B. R. (1957) Optical rotation and 
infra-red spectra of some polypeptide and protein films. Nature, Lond. 
180, 1340-1341. 

Exuiotr A., Hansy W. E. and Matcorm B. R. (1958) Optical rotation and 
infra-red spectra of some polypeptide and protein films. Disc. Faraday 
Soc. 25, 167-172. 

Exuiorr A. and Matcorm B. R. (1959) Chain arrangement and sense of «-helix in 
poly-t-alanine fibres. Proc. roy. Soc. A249, 30-41. 

Firts D. D. and Krrxwoop J. G. (1957) The optical rotatory dispersion of the 

a-helix. Proc. nat. Acad. Sci., Wash. 43, 1046-1052. 


16 


234 E. M. SHOOTER 


Frory P. J. (1953) Principles of Polymer Chemistry. Cornell University Press, 
Ithaca. Ch. 7, 10 and 14. 

GescuwinD I. I., Lt C. H. and Barnarr L. (1957a) The structure of the #- 
melanocyte-stimulating hormone. J. Amer. chem. Soc. 79, 620-625. 
GescHwinpD I. I., Li C. H. and Barnartr L. (1957b) The isolation and structure 
of a melanocyte-stimulating hormone from bovine pituitary glands. 

J. Amer. chem. Soc. 79, 1003-1004. 

GitBERT G. A. (1955) The physical chemistry of enzymes. Disc. Faraday Soc. 
20, 68-71. 

HILBERT G. A. (1958) Configurations and interactions of macromolecules and 
liquid crystals. Disc. Faraday Soc. 25, 224-226. 

HARRINGTON W. F. and ScHELLMAN J. A. (1956) Evidence for the instability of 
hydrogen bonded peptide structures in water based on studies of ribonu- 
clease and oxidised ribonuclease. C. R. Lab. Carlsberg, Sér. chim. 30, 21-44. 

HARRINGTON W. F. and ScHELLMAN J. A. (1957) The effect of concentrated 
solutions of lithium bromide on the configurations of polypeptides and 
proteins. C.R. Lab. Carlsberg, Sér. chim. 30, 167-182. 

HARRINGTON W. F. and Sexa M. (1959) Comparison of the physical chemical 
properties of oxidised and reduced alkylated ribonuclease. Biochim. 
biophys. Acta 31, 427-434. 

Harris J. I. and Roos P. (1956) Amino-acid sequence of a melanophone-stimu- 
lating peptide. Nature, Lond. 178, 90. 

Hires C. H. W., Stern W. H. and Moore 8S. (1958) Studies on the structure of 
ribonuclease. Symposium on protein structure. Ed. A. NEUBERGER, Methuen, 
London, 211-222. 

Hoc H. (1950) The steady state, a test for electrophoretic homogeneity. Biochem. 
J. 46, 199-207. 

Howarp K. S., SHEPHERD R. G., E1gNer E. A., Davis D. 8S. and Bretu P. H. 
(1955) Structure of f-corticotropin. Final sequence studies. J. Amer. 
chem. Soc. 77, 3410-3420. 

Hvipt A. (1955) Deuterium exchange between ribonuclease and water. Biochem. 
biophys. Acta 18, 306-307. 

Hvipt A. and Linperstrem-LANG K. U. (1955a) The kineties of the deuterium 
exchange of insulin with D,O. An amendment. Biochem. biophys. Acta 
16, 168-169. 

Hvipt A. and Linperstrom-Lane K. U. (1955b) The pH-dependence of the 
deuterium exchange of insulin. Biochim. biophys. Acta 18, 308. 

ImaHori K., KLEMPERER E. and Dory P. unpublished, quoted in Dory (1959). 

JrrGeNnsons B. (1958a) Optical rotation and viscosity of native and denatured 
proteins. X, Further studies on optical rotatory dispersion. Arch. Biochem. 
Biophys. 74, 57-69. 

JIRGENSONS B. (1958b) Optical rotation and viscosity of native and denatured 
proteins. XI, Relationships between rotatory dispersion, ionization and 
configuration. Arch. Biochem. Biophys. 74, 70-83. 

JouHNson P., SHooTeR E. M. and E. K. (1950) The globulins of the 
ground nut (Arachis Hypogaea). Il. Electrophoretic examination of the 
arachin system. Biochim. biophys. Acta 5, 376-396. 

KaATCHALSEI E. (1959) Fourth International Congress of Biochemistry, Pergamon 
Press, London. 

KauzMAnn W. (1954) Denaturation of proteins and enzymes. The Mechanism 
of Enzyme Action. Ed. W. D. McEtroy and B. Guass. Johns Hopkins 
Press, Baltimore, 70-110. 


VOL 
lo 
196 


lo 
960 


The Configuration of Proteins in Solution 235 


KauzMAnn W. (1957) The physical chemistry of proteins. Ann. Rev. phys. Chem. 
8, 413-438. 

KavuzmMann W. (1958) Volume changes in ovalbumin and bovine serum albumin. 
Biochim. biophys. Acta 28, 87-91. 

KauzMANN W. and Eyrine H. (1941) The effect of the rotation of groups about 
bonds on optical rotatory power. J. chem. Phys. 9, 41-53. 

Kay C. M. (1958) Some physico-chemical properties of Pinna Nobilis tropomy- 
osin. Biochim. biophys. Acta 27, 469-477. 

Kay C. M. and Baitey K. (1959) Further physico-chemical studies on Pinna 
Nobilis tropomyosin. Biochim. biophys. Acta 31, 20-25. 

KENDREW J.C., Bopo G., Dinrzis H. M., Parris R. G. and Wyckorr H. (1958) 
A three dimensional model of the myoglobin molecule obtained by X-ray 
analysis. Nature, Lond. 181, 662-666. 

Kurtz J., BERGER A. and KatcHatskt E. (1956) Mutarotation of poly-1-proline. 
Nature, Lond. 178, 1066-1067. 

LENORMANT H. and Buiour E. R. (1953) Origin of the absorption band at 1550 
em in proteins. Nature, Lond. 172, 770-771. 

Li C. H., Gescuwinp I. I., Cote R. D., Raacue I. D., Harris J. I. and Drxon 
J. 8S. (1955) Amino-acid sequence of alpha-corticotropin. Nature, Lond. 
176, 687-689. 

LinpERSTRoM-LANG K. U. (1952) Proteins and enzymes. III, The initial stages 
in the breakdown of proteins by enzymes. Lane Medical Lectures, Uni- 
versity Press, Stanford, 53-72. 

LInDERSTROM-LANG K. U. (1955) Deuterium exchange between peptides and 
water. Symposium on Peptide Chemistry. Chemical Society, London, 
Special Publication No. 2, pp. 1-20. 

LinpERSTROM-LANG K. U. (1958) Deuterium exchange and protein structure. 
Symposium on Protein Structure. Ed. A. NEUBERGER, Methuen, London, 
23-34. 

LINDLEY H. and Roiett R. 8. (1955) An investigation of insulin structure by 
model building techniques. Biochim. biophys. Acta 18, 183-193. 

Markus G. and Karusu F. (1957) The disulphide bonds of human serum albumin 
and bovine y-globulin. J. Amer. chem. Soc. 79, 134-139. 

Morritt W. (1956) Optical rotatory dispersion of helical polymers. J. chem. Phys. 
25, 467-478. 

Morritt W., Frrrs D. D. and Krrxwoop J. G. (1957) Critique of the theory of 
optical activity of helical polymers. Proc. nat. Acad. Sci., Wash. 43, 
723-730. 

Morrirr W. and Yane J. T. (1956) The optical rotatory dispersion of simple 
polypeptides. I. Proc. nat. Acad. Sci., Wash. 42, 596-603. 

NEvuRATH H., Rupiey J. A. and DREYER W. J. (1956) Structural changes in the 
activation of chymotrysinogen and trypsinogen. Effect of urea on chymo- 
trypsinogen and delta-chymotrypsin. Arch. Biochem. Biophys. 70, 
243-259. 

O’DonnELt I. J.. BALDwin R. L. and Wiittams J. W. (1958) Correlation of the 
Ns « reaction of thyroglobulin with the type of breakdown produced 
by papain. Biochim. biophys. Acta 28, 294-308. 

Pau ine L. (1953) Les Proteines; Rapports et Discussions. Ed. R. Stoops, Institut 
International de Chimie Solvay, Brussels, 63. 

Pavutine L., Corey R. B. and Branson H. R. (1951) The structure of proteins. 
Two hydrogen bonded helical configurations of the polypeptide chain. 

Proc. nat. Acad. Sci., Wash. 37, 205-211. 


236 E. M. SHOOTER 


PERLMANN G. (1959) Fourth International Congress of Biochemistry. Pergamon 
Press, London. 

Prerutz M. (1951) New X-ray evidence on the configuration of polypeptide chains. 
Nature, Lond. 167, 1053-1054. 

RAMACHANDRAN G. N. and Karrua G. (1954) Structure of collagen. Nature, 
Lond. 174, 269-270. 

Rice 8. A., Wapa A. and GrerpuUSCHEK i. P. (1958) Some comments on the 
theory of denaturation. Disc. Faraday Soc. 25, 130-137. 

Ricwarps F. M. (1958) On the enzymic activity of subtilisin-modified ribonu- 
clease. Proc. nat. Acad. Sci., Wash. 44, 162-166. 

Rosrnson C., Warp J. C. and BEEVERS R. B. (1958) Liquid crystalline structure 
in polypeptide solutions. Part 2. Disc. Faraday Soc. 25, 29-42. 

ROSEMEYER M. A. and SHoorer E. M. (1958) An electrophoretic investigation of 
ribonuclease. Biochem. J. 69, 28—29P. 

Rye A. P. and ANnFINSEN C. B. (1957) Studies on the disulphide bridges of 
ribonuclease. Biochim. biophys. Acta 24, 633-635. 

SANGER F. (1956) The structure of insulin. Currents in Biochemical Research. 
Ed. D. E. GreEn, Interscience, New York, p. 434. 

SAUNDERS M. and Wisunia A. (1958) Nuclear magnetic resonance spectra of 
proteins. Ann. N.Y. Acad. Sci. 70, 870-876. 

ScHELLMAN C. and ScHELLMAN J. A. (1958) The optical rotatory properties of 
proteins and polypeptides. VII, Optical rotation and protein configuration. 
O.R. Lab. Carlsberg, Sér. chim. 30, 463-500. 

ScHELLMAN J. A. (1955) Stability of hydrogen bonded peptide structures in 
aqueous solution. C. R. Lab. Carlsberg, Sér. chim. 29, 230-259. 

SCHELLMAN J. A. (1958a) The optical rotatory properties of proteins and poly- 
peptides. II, The rotatory properties of #-lactoglobulin. C.R. Lab. 
Carlsberg, Sér. chim. 30, 395-414. 

ScHELLMAN J. A. (1958a) The optical rotatory properties of proteins and poly- 
peptides. V, The rotatory properties of clupein, the oxidised A chain 
of insulin and oxidised ribonuclease. C.R. Lab. Carlsberg, Sér. chim. 30, 
439-449. 

Szent—Gyorar A. G. and Cowen C. (1957) Role of proline in polypeptide chain 
configuration of proteins. Science 126, 697-698. 

TanForD C. (1958) The configuration of globular proteins in aqueous solution 
and its dependence on pH. Symposium on Protein Structure. Ed. A. NEv- 
BERGER, Methuen, London. 35—65. 

Tanrorp C. and Krrxrwoop J. G. (1957) Theory of protein titration curves. 
I, General equations for impenetrable spheres. J. Amer. chem. Soc. 79, 
5333-5339. 

TurRNER J. E., Borrte R. T. and Havrowirz F. (1958) Dependence of the 
optical rotatory power of proteins on disulphide bonds. J. Amer. chem. Soc. 
80, 4117-4118. 

Watson J. D. and Crick F. H. C. (1953) Molecular structure of nucleic acids. 
A structure for deoxyribose nucleic acid. Nature, Lond. 171, 737-738. 

WILErInson G. R. and Brapsury E. M. (1958) Dise. Faraday Soc. 25, 230. 

Yano J. T. and Dory P. (1957) The optical rotatory dispersion of polypeptides 
and proteins in relation to configuration. J. Amer. chem. Soc. 79, 761-775. 


VOL 
lo 
196 


6 


IN VITRO STUDIES ON THE RADIATION 
BIOLOGY OF MAMMALIAN CELLS 


7. 2-4 00k 
Department of Biophysics, Florence R. Sabin Laboratories, 
University of Colorado Medical Center, Denver, Colorado 


CONTENTS 
I. INTRODUCTION 
II. X-RAY SURVIVAL CURVES AND CHROMOSOME DAMAGE 
III. APPLICATION TO IRRADIATION OF ANIMALS IN VIVO . 
IV. RADIATION AND CANCER 
V. RADIATION AND AGING 
. SUMMARY . 


REFERENCES 


. 238 

. 240 

249 
OL. 

lo . 250 
969 

. 254 

. 256 

237 


6 


IN VITRO STUDIES ON THE RADIATION 
BIOLOGY OF MAMMALIAN CELLS* 


Theodore Puck 


I. 


DEVELOPMENT of plating techniques (Puck et al., 1956) for study of 
mammalian cells has made available a new quantitative system for 
studies of cellular radiobiologic processes. The advantage of the 
mammalian cell as a test organism for such investigations lies in the 
fact that all of the following operations may now be carried out on 
the same material, permitting simultaneous study of different aspects 
of radiation-induced changes in a fashion offered by few, if any, other 
living systems: 

(a) Establishment of survival curves for clonal growth—i.e. quanti- 
tative measurement of survival of the potentiality for unlimited 
reproduction of single cells exposed to various doses of radiation 
(Fig. 1). This permits measurement of the average dose needed to 
destroy reproductive function in individual cells and determination 
of some of the kinetic parameters involved in the underlying radio- 
biologic reactions (Fig. 2). 

(b) Accurate delineation of the chromosomes of the cells after 
various radiation doses for identification of different kinds of cyto- 
genetic damage (Fig. 3). The primary visible defects are chromosome 
breaks which increase directly with dose, but which only can be 
observed in cells fixed soon after irradiation. At later intervals the 
chromosome breaks have restituted and evidence of damage remains 
only where recognizable aberrations like complex abnormal structures 
have been produced. Since these complexes require interaction 
between several breaks, they follow a multi-hit relationship, exhibiting 
a threshold of about 50r. At still later intervals these cells may 
disappear through abortive mitosis. 

(c) Quantitative scoring of mutant clones arising from radiation 
survivors to establish dose dependence of different mutations. In 


* Contribution No. 86 from the Department of Biophysics, Florence R. Sabin 
Laboratories, University of Colorado Medical Center, Denver, Colorado, U.S.A. 
Aided by a grant from the National Foundation, the Rockefeller Foundation, 
and the Damon Runyon Memorial Fund for Cancer Research. 
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Fig. 1. Demonstration of the method by which survival of the 


capacity for unlimited reproduction of single mammalian cells is 
Petri dishes 


measured as a function of X-ray dose in roentgens. 
are inoculated with identical numbers of single cells, and then 
exposed to measured doses of X-irradiation. The plates are then 
incubated and the number of colonies which grow up are scored. 
In unirradiated controls, every cell plated produces a colony, 
as shown in the photograph. Irradiated plates display a reduced 
colony-forming efficiency. Counting the colonies which develop 
on the control and irradiated plates permits construction of the 
survival curve for colony production by single cells, as a function 


of X-ray dose as shown in Fig. 2. 
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addition, such mutant clones can be established as new cell strains 
with characterizing markers, whose chromosomal structure, bio- 
chemical behavior and genetic relationships can be compared with 
those of normal cells (Puck, 1957, 1958a). 

(d) Study of the effects of ploidy changes: A variety of cells with 
different ploidies are available, such as cells of patients with the XO 
condition of the sex chromosomes (Tjio, Puck, Robinson, 1959); 
male cells in which the Y chromosome represents a state of partial 
haploidy; female diploid cells; and a large assortment of polyploid, 
aneuploid cells (Fig. 4). 

While the variety of such ploidy variants is so far markedly less 
than that available with yeasts and other cell systems (Mortimer, 
1958), hope exists that methodologies will be developed for increas- 
ing the number of such forms available for study in mammalian 
cells. 

(e) Study of the behavior of irradiated cells when re-introduced into 
whole animals. Thus, the effects of irradiation may be measured not 
only on the cell considered as a micro-organism but also on its ability 
to participate as a member of an organized community. 

Throughout this paper doses will be indicated in roentgens, although 
in some cases conversion to rads might require a correction factor 
possibly as high as 1-4 (Wilson, 1950). 


Il. X-ray SuRvIVAL CURVES AND CHROMOSOME DAMAGE 


The present paper will review our laboratory’s studies on mammalian 
cells, carried out during the last four years, in which 8. J. Cieciura, 
J. Engelberg, P. I. Marcus, H. Lee, D. Morkovin, N. C. Webb and the 
author have participated. All cells employed were cultivated under 
the carefully controlled conditions which have been demonstrated to 
preserve constancy of the chromosomal number for indefinite periods 
(Puck et al., 1958). X-ray survival curves were determined for a 
variety of mammalian cells from human and animal subjects, arising 
from normal and from cancerous tissues, and displaying both normal 
diploid, as well as aneuploid, polyploid chromosomal constitution. 
The survival curves resulting from such cells were readily reproducible 
and exhibited the following pattern: Each cell type always exhibited 
a characteristic survival curve which has remained constant, even 
after years of growth in vitro. Polyploid aneuploid cells have always 
exhibited a multiple-hit survival like that in Fig. 2(a), regardless of 
whether these cells originated in human or animal tissue, or from 
cancerous or non-cancerous organs (Puck 1957). In contrast, 
however, normal diploid cells were found to exhibit curves which are, 
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in some cases, multiple-hit, but in others approximate a single-hit 
relationship (Fig. 2(b)). Finally, the D°® values for colony production* 
of all of the mammalian cells studied were encompassed by the range 
of values of 50-160 r, regardless of: the animal from which they 
originated; whether they exhibited a single- or multiple-hit survival 
curve; and whether they possessed euploid or an aneuploid chromo- 
some constitution. 

Analysis of the nature of the action underlying the loss of repro- 
ductive ability in these cells led to the conclusion that the main effect 
of the radiation damage in these dose ranges is on the genetic structure 
of the cell. This conclusion is based on the following theoretical and 
experimental considerations: (a) The very small value of D°® for these 
cells and the relatively low multiplicity of the hit number is consistent 
with a lethal effect occurring in a relatively large structure, the 
individual parts of which are intrinsically essential and which occur 
singly or in a small number of replicates, so that a small number of 
events at the molecular level can destroy the function. These aspects 
of the survival curve are not as readily reconciled with the funda- 
mental damage being lodged outside of the genome. In such extra- 
genomic physiological or biochemical structures, the basic constituents 
usually occur in manifold molecular replicates; as a consequence, 
their functions usually exhibit much greater radioresistance than the 
cell-reproductive function as here described; and, at least in many 
cases, even if such enzyme systems were inactivated, they could 
presumably be re-synthesized by the cell if the appropriate parts of 
the genetic apparatus were still intact and functional. (b) When 
clones of radiation survivors of 500-700 r were picked and re-established 
as new stocks, at least four out of five such stocks were found to have 
undergone changes which characterized them as true mutants with 
respect to biochemical or morphologic characteristics. At the same 
time, their chromosome number had been markedly altered. Test of 
radioresistance on some of these altered strains showed them to be at 
least as radiosensitive as the parental strain, so that their survival 
could not have been a selection of naturally occurring resistant 
mutants. (c) Normal, diploid human cells whose D°® value for repro- 
duction was measured to be about 50—60 r, were found to exhibit visible 
chromosome breaks with an average frequency of one per cell for an 
irradiation of 20-40 r. Moreover, for doses greater than this value, 
complex chromosomal figures indicative of interaction between simul- 
taneously broken chromosomes began to appear in appreciable 

* Defined as the X-ray dose needed to reduce the number of multiplying cells 


to the fraction, 1/e = 37 per cent, as calculated in a region where the curve first 
approximates a linearly exponential relationship. 
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numbers when the cells were incubated for longer periods between 
the irradiation and staining (Puck, 1958a) (Fig. 2). 

This correspondence between the chromosome breakage dose and 
that represented by the slope of the survival curve confirmed that 
the primary event involved in destruction of mammalian cell repro- 
ductive function (as evidenced by ability to form a colony under our 
standard conditions) is chromosome breakage (Puck, 1958b). By 
analogy with the results of radiation genetic studies in a variety of 
other living forms (Muller, 1954), it was proposed that, in some cell 
types, this event alone could frequently cause death. Other cells 
might be able to survive a single such insult, but would usually 
succumb to a multiple lesion of this kind. The greater lethality (for 
the reproductive function) of the presence of multiple breaks would 
be partly due to intensification of the damage due to each single 
break. However, more probably, cells with multiple broken chromo- 
somes would lose the ability for indefinite reproduction through 
formation of chromosome bridges by abnormal restitution of chromo- 
some fragments to form dicentric configurations. In addition, the 
opportunity for chromosome exchanges afforded by multiple, simul- 
taneous breaks would doubtless contribute through distorted position 
effects to biochemical imbalance (Muller, 1954). 

With such evidence of the strongly genetic character of the basic 
radiation injury to the cell, it became worthwhile to consider the 
quantitative relationships governing the kinds of genetic damage 
which are expected to prove lethal, in cells of different genetic 
constitution. Such equations serve, at this early stage of the analysis, 
as rough guides for design of more searching experiments. The formu- 
lations here presented follow the standard mathematical models 
proposed by a variety of workers (for example, Atwood and Norman, 
1949; Lea, 1947a), who studied several kinds of radiogenetic processes 
in a number of organisms. Here we shall only be concerned with 
processes leading to cell reproductive death as evidenced by failure to 
form colonies under the standard conditions of plating of single cells 
in maximally nutritious medium. The elegant studies of Mortimer 
(1958) on the X-ray survival of yeast cells of various degrees of ploidy 
furnish a system whose survival curve behavior parallels that of the 
mammalian cell in several ways, and for which the same general type 
of interpretation was proposed. 

Since, in the mammalian cell, the chromosome damage due to the 
radiation can be visualized directly, it is worthwhile to analyze the 
processes contributing to cell reproductive death in somewhat greater 
detail. We may consider roughly three types of processes: (a) Death 
due to a single hit within the cell; (b) death due to multiple hits which 
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Fig. 3. Chromosomal aberrations produced by irradiation 
normal, diploid human cells. 


(a) Chromosome constitution of unirradiated cell 

(b) Chromosomes of cell irradiated with 50 r. The cells were fixed 
and stained shortly after irradiation. 

(c) Chromosomes of cell irradiated with 75 r, displaying many 

breaks. These breaks are visible only for a short period after 

irradiation. Afterwards they re-seal, producing occasional abnormal 
recombinations like those in Fig. 3(d). 

(d) Typical chromosomal complex formed by abnormal restitution 

of fragments from different broken chromosomes produced by 

X-irradiation. Such complexes first appear in large numbers after 

irradiation with doses in the region of 60-150 r. A variety of multi- 

centric forms, as well as ring chromosomes, have been obtained 

from irradiation of normal human cells (Puck, 1958a). 
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Fig. 4. Typical chromosome complements of mammalian cell 


lines grown in culture. 

(A) Idiogram of normal human male cell with 46 chromosomes 
(Tjio and Puck, 1958a). The female karyotype is identical except 
that it has 2 X% and no Y chromosomes. 

(B) Aneuploid, polyploid clonal cell strain (HeLa 83-9) originating 
from human cancer of cervix (Tjio and Puck, 1958b). 

(C) Normal male opossum chromosomes (Tjio and Puck, 1958b). 
The Y chromosome is the smallest of the set of 22. 
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must be localized in a combination of specific sites, as in the inacti- 
vation of all replicates of any essential gene on each chromosome on 
which it occurs; and (c) death due to multiple hits at any of a large 
number of non-specific sites within the chromosome aggregate, as 
when chromosomal bridges are formed which prevent separation of 
the two daughter cells.* The probability of survival of any irradiated 
cell is then the product of the separate probabilities of escape from 
each of these individual processes (as well as from any other damaging 
events contributed by other kinds of genetic or physiologic processes 
not specifically considered). The assumption is made that the contri- 
bution of each process to reproductive death of the cell is independent 
of the occurrence of any other radiation-induced process in the cell. 
The probability of escaping a 1-hit lethal process is given by: 


f,(D) = exp (—D/D%) 


where D is the dose in r and D} is the dose needed to produce on the 
average one such hit in each cell. 

Thus, 

D° 
where & is a constant and V;, which may be expressed as a virtual 
volume, is a measure of the probability of a 1-hit lethal process in the 
ith site. The processes listed in Table 1 could contribute to a 1-hit 
lethal mechanism. 

Death due to multiple radiation hits at specific genetic sites leaves 
survivors according to the relationship (Lee and Puck, 1958; Lee and 
Puck, 1959). 

=[1 — (1 — exp (—D/D))"" 


where D? is the average dose needed to inactivate each such single 
site; m =the number of different kinds of structures whose inacti- 
vation in all replicates is required to lead to reproductive death; and 
n = the number of replicates present, i.e. the ploidy number. For a 
haploid cell, n = m = 1, so this equation reduces to the previous one. 
The process governed by this equation has sometimes been considered 
to be the major genetic cause of death in cells of ploidy greater than 
one. However, as will be shown shortly, in the mammalian cells we 
have studied, this process contributes only in a minor way to cell 
reproductive death, except under certain special conditions of 
irradiation. 
* The fact that in plants, chromosome bridges often are severed by the 


developing telephase plate should lead to the expectation that polyploid plant 
cells might be very resistant to reproductive death by ionizing radiations. 
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TABLE 


1 


| 


Haploid Cell 


Diploid Cell 


Polyploid Cell 


(a) Loss of any single Major impor- 


unique gene, vital tance 


to reproduction 


(b) Loss of all or part 
of any 
chromosome. 


(c) Formation of ana- 
phase bridge from 
simultaneously 
broken sister 
chromatids, where 
the break occurred 
before chromo- 
some doubling, or 
where one electron 
track severed both 
chromatids 


Probably un- 
important in 
haploid cell 
because of much 
| greater fre- 

| quency of 
single gene 
mutations as 
a cause of re- 
productive 
death. 


Probably un- 
| important 


because of 


greater impor- 
tance of single 
gene mutations 


| May be impor- 
| tant because of 
| processes like 


| through produc- 
| tion of bio- 


| balance occa- 

| sioned by loss of 
_ a series of genes, | 
| even though 
| these may each 


_ More important 
than in haploid 


| ated 


Less important, | 
but not negli- | 


| gible, as in 
_ genes of the X 
chromosome in | 
male cells; or 
| vital genes 

_ whose homologs | 
on sister chromo- 

_ somes are lethal | 
recessives 


those in (a) 
above and 


chemical im- 


be present in 


| the sister 
chromosomes 


but frequency | 
must be evalu- | 


Least important 
because of 
greater replicate- 


ness 


Probably less 
important than 
in diploid 
because of the 
greater protec- 
tion provided 


| by the greater 
number of 
| replicates. 


_ More important 
| than in diploid 


because of 
greater chromo- 


| some number 
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TABLE 1 (continued) 


| Haploid Cell 


(d) Damage to 

nucleoli, centrioles, | 
and other struc- 
tures 


Frequency pro- | Same 
bably small but 
remains to be 


evaluated 


Damage to any 
chromosome in the 
condensed phase 

which may render 


| Might conceiv- 


ably inactivate 
any cell, with a 
probability pro- 


Diploid Cell | Polyploid Cell 


it “‘sticky”’ | portional to the 
ratio of mitotic 
to interphasic 
intervals, which 
in mammalian 
cellsappears to 

_ be less than 3 per 


cent 


Finally, we shall consider the third case in which reproductive 
death is caused by two or more effective hits lodged anywhere within 
the chromosomal complement. The mechanism underlying such 
lethal action would be the formation of dicentric chromosome bridges, 
interlinked ring chromosomes, and other structural anomalies arising 
through abnormal recombination of two or more chromosome breaks. 
The actual calculation of the survival from such a process is fairly 
complex, involving the relative frequencies of various numbers of hits 
in the different chromosomes, and the probability of lethal versus 
non-lethal restitutions of chromosome breaks of different kinds which 
in turn depends, among other things, on metabolic conditions in the 
cell which govern the rate of restitution, the dose rate, and the volume 
in which the chromosome fragments are free to move. However, the 
general process involved can be approximated with an accuracy 
sufficient for the present purpose* by a Poisson type of calculation 
of the probability of survival from lethal processes requiring at least 
two independent, effective hits anywhere within the chromosomal 
complement: 
fx(D) = (1 + D/D$) exp (—D/D3) 
*A more precise mathematical expression, governing this case, has been 
developed by Dr. J. Engelberg of this department, and is presented elsewhere 
(in preparation). 
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where D§ is the average dose needed to lodge anywhere within the 
chromosomal complement a hit of a nature such that two such events 
simultaneously present in the same cell will cause its reproductive 
death. Obviously, sites highly susceptible to a lethal effect by a 
1-hit process should not be included again when evaluating D9. 

The probability of any cell’s escaping lethal genetic damage by any 
of these three processes is then given by the product of (1’), (2’) and 
(3’) as follows: 


N/N = fi(D)fo(D)fs(D) 


For haploid cells generally, the first term only in this equation will be 
significant, because of the enormous vulnerability produced by the 
existence of a single gene set. For diploid and polyploid cells, the 
factor, f,(D) can be safely disregarded for all irradiations in which the 
third process plays an important role, because f,(D) requires two 
independent damaging events at corresponding points of sister 
chromosomes; whereas, the formation of chromosomal complexes 
can proceed through interaction of simultaneously hit sites on any 
chromosomes. However, if the chromosome number becomes 
sufficiently reduced; if the rate of irradiation is decreased to the 
point where single breaks may be largely restituted before additional 
breaks are introduced; or if a form of radiation like ultraviolet is 
employed which has a poor efficiency in the production of breaks 
which can rejoin, then process (2’) will increase in importance, while 
process (3’) becomes less significant. 

These considerations offer a satisfactory explanation for the facts 
that haploid systems like E#. coli exhibit 1-hit survival curves to 
X-rays; that polyploid cells like the human 83 HeLa cell or the 
various polyploid yeasts are always multi-hit; while diploid cells 
may be either single-hit or multiple-hit, depending on the extent to 
which process (1’), (2’) or (3’), or some combination of these, pre- 
dominate in determining the lethal action. 

Into each of the quantities, D?, D? and D§, must enter the volumes 
of the structures in which the postulated events presumably take 
place. However, such volumes alone do not determine these values. 
Thus, D$, for example, would involve the degree to which different 
kinds of chromosome breakage may be accompanied by lethal 
restitution, as opposed to a non-lethal course of events. This would 
depend on the dose, the dose rate, the rate of chromosome rejoining, 
the relative frequencies of lethal processes attending multiple hits in 
the same chromosome as compared with different chromosomes, and 
similar considerations. Similarly, while the value of D} is so large as 
to be negligible for most polyploid cells, for diploid cells it will depend 
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on a variety of parameters, including the distribution along the 
chromosomes of the various genes affecting cell reproduction. 

This picture would also predict, as has been pointed out by others 
(Mortimer, 1958), that haploid cells which follow a 1-hit survival 
curve, should exhibit a value of the product (D° x DNA content) 
considerably smaller than that for diploid cells, since a much larger 
' fraction of the karyotype of the haploid cell is susceptible to death 
by a single hit. While data from haploid mammalian cells are not 
yet available, the corresponding values for yeast and LE. coli have 
been calculated in Table 2. These values which agree reasonably well 
with each other, appear definitely smaller than the corresponding 
values for the three different types of diploid cells presented in the 
second part of Table 2. This latter set of figures is also noteworthy 
because of the relative constancy of the product (D° x DNA content) 
for the three cell types shown which are so dissimilar biologically, 
and whose individual D® values differ over a 200-fold range. As more 
such data becomes available, it will be possible to make more searching 
analysis of such relationships. The present data support the picture 
here entertained, and indicate that cells of warm-blooded animals 
appear to fit naturally into a sequence which includes a wide variety 
of different kinds of living cells. 

The situation with respect to ploidy greater than 2 is less easy to 
predict. As the number of chromosome sets increases, more breaks 
will be introduced for a given dose. However, the volume of the 
chromosome complement may change in an unpredictable way, and 
the time taken for breaks to restitute may also vary so that the pro- 
bability of lethal chromosomal configurations may either increase or 
decrease. Mortimer (1958) demonstrated a regular inverse relationship 
between D® and ploidy (for ploidys greater than 1) in yeast, but all of 
the mammalian polyploid cells studied by us display a D°® greater 
than the diploid. However, these latter cells are all aneuploid with 
growth characteristics very different from those of the euploid cells. 
Further study of the polyploid case is continuing. 

The validity of these ideas would be further supported by experi- 
ments testing whether reproductive killing of diploid and polyploid 
cells could be diminished if the rate of irradiation were reduced 
sufficiently so that each single chromosome break would restitute 
before another is introduced into the same cell. Such experiments 
have so far proved difficult because of several complications including 
those arising from cell multiplication before completion of the irradia- 
tion when low dose rates are employed. However, another type of 
experiment (Lee and Puck, 1958; Lee and Puck, 1959) has yielded 
important results. Ultraviolet light is known to be a potent mutagen, 
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but one which produces far fewer chromosome breaks than does a 
mutagenically equivalent dose of X-rays. Hence, one would expect 
that ultraviolet would be far less effective than X-ray in producing 
reproductive death of polyploid mammalian cells. Survival curves 
were determined for 83 HeLa cells when irradiated by each type of 
irradiation, and compared with the corresponding curves for inactiva- 
tion of T2 bacteriophage, an essentially haploid micro-organism. 


J L 


PERCENT SURVIVORS 


0 200 400 690 
ERes/S0. X-RAY — KILOROERTGERS 

Fig. 5. Comparison of the ultraviolet and X-ray survival curves 
for the polyploid 83 mammalian cell and the haploid T2 bacterio- 
phage (Lee and Puck, 1959). The data demonstrate the enormous 
difference in the ratio of the sensitivities of these two types of 
irradiation. A similar relationship can be demonstrated using the 
haploid bacterium, E£. coli B, instead of T2 bacteriophage, but 
the bacterial survival curves are somewhat less easy to define 
than those of either the mammalian cell or bacteriophage, because 
of complications arising from the very short intermitotic period of 
bacteria. 


The latter organism was added directly to the same dishes containing 
the mammalian cells during irradiation, to ensure that identical 
doses were received. The ultraviolet survival curve of 83 cells 
was also multi-hit, as shown in Fig. 5. The ratio of D® (u.v.)/ 
D°® (X-ray) is approximately 1000 times greater in the polyploid 
mammalian cell than in the haploid genome. This relationship is in 
accord with the present analysis. Thus, while the survival of X- 
irradiated polyploid cells, would, in the main, follow equation (3’), 
ultraviolet radiation, to the extent that it produces only single gene 
mutations, would exhibit behavior like that described by equation 
(2’). It should be noted that the resistance of the 83 cell to ultra- 
violet radiation cannot be due to any protective action exercised 
by extranuclear ultraviolet-absorbing material, as can be demonstrated 
by a simple calculation. Further aspects of the difference between 
the action of ultraviolet and X-rays on a variety of different mamma- 
lian cells are being studied. In particular, it becomes important to 
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know whether killing of cells by u.v. is predominantly due to single 
gene mutations, governed by equation (2’), or whether it is due to 
interactions between those broken chromosomes which are produced 
by ultraviolet, albeit with low efficiency. 

In summary, a variety of independent lines of evidence support the 
thesis that the primary damage responsible for reproductive death of 
mammalian cells by low doses of X-irradiation is an injury to the 
chromosomes. Moreover, the radiation behavior of the mammalian 
cell fits so closely, both qualitatively and quantitatively, the general 
pattern established for other cells, as to leave little doubt of the 
validity of the sequence of radiogenetic events established by previous 
workers (Muller, 1954), as a general cellular pattern. 


III. TO [IRRADIATION OF ANIMALS In Vivo 


The concept that reproductive death by genetic damage of indivi- 
dual somatic cells underlies much of the phenomenology of the 
mammalian radiation syndrome was proposed early (see review by 
Muller, 1954) but was rejected in many quarters because of the 
discrepancy between the apparently large doses needed to destroy 
cell reproduction, and that sufficient to produce extensive pathology 
and even death on irradiation of the whole animal. When this 
discrepancy was shown to be fictitious (Puck and Marcus, 1956) 
and when it was demonstrated that doses in the neighborhood of 
20 r induce chromosomal breaks in large numbers of cells, many of 
the phenomena of the acute, whole body radiation syndrome lent 
themselves to natural explanation. 

In previous papers (Puck, 1959) it has been indicated how the concept 
of somatic cell reproductive death through damage to the genome is 
able to account for a large variety of the phenomena associated with 
acute, whole body irradiation of mammals. This formulation furnishes 
a direct explanation for a variety of otherwise unexplained 
features of the radiation syndrome, such as: (a) the reason why the 
mean lethal dose for whole animal irradiation should lie in the range 
of 400-1000 r; (b) the nature of the characteristic lag period which 
occurs between the application of the irradiation and the onset of 
symptoms; (c) the basis for the rule that tissues with the most 
rapidly dividing cells are the first to display pathological reactions; 
(d) the fact that animals whose body temperatures are lowered 
immediately after irradiation with a lethal dose, fail to develop 
pathological symptoms until their temperature is restored to normal, 
at which time the typical sequence of events begins as though the 
irradiation had just been delivered at the time of the temperature 
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restoration; (e) why the primary antibody response can be suppressed 
by a dose of radiation in the range of one to three times the D® value 
for the mammalian cell; and (f) the fact that one of the first bio- 
chemical manifestations of whole animal irradiation in the mean 
lethal dose range is the failure of DNA synthesis (Bacq and Alexander, 
1955). With respect to this last point, failure of DNA synthesis is 
undoubtedly a consequence of the inability of cells to reproduce 
rather than a reflection of radiation damage to any specific enzyme 
system, since the experiments of Whitmore et al.(Whitmore et al., 1958) 
show that mammalian cells whose reproductive capacity had been 
obliterated by a large dose of X-rays continue to synthesize DNA at 
a high rate, although, since cell multiplication had _ stopped, 
the geometrical increase that would otherwise have resulted is 
obliterated. Reproductive death of somatic cells as a primary 
consequence of irradiation also provides an obvious explanation for 
the ability of mammals to withstand much larger radiation doses when 
these are fractionated over an appreciable time interval, rather than 
given all at once. In the former case, regeneration of the surviving 
cells occurring between successive doses could restore the numbers of 
multiplying cells. 

On the basis of detailed studies of the pathogenesis of radiation 
injury in various organs of irradiated animals, Quastler and _ his 
coworkers were led independently to conclude that cell reproductive 
death is the primary action from which all or most of the subsequent 
pathology derives (Quastler, 1956). 


IV. RADIATION AND CANCER 


The production of cancer in mammals by ionizing radiation is also 
readily understandable on the basis of these considerations. The very 
high efficiency with which ionizing radiation can introduce chromo- 
some breaks and interchanges into mammalian cells will result in loss 
and mutations of genes, changes in gene manifestations due to 
rearrangements of their positions on the chromosomes, and polyploidy 
and aneuploidy. Any or all of these changes conceivably could alter 
a cell’s biochemical response to normal growth regulators so as to 
produce a malignantly growing clone. The fact that many malig- 
nancies, including at least one reported case of human leukemia 
(Ford et al., 1958), display abnormal chromosome constitution makes 
the great effectiveness of the chromosomal mutagenicity of ionizing 
radiation for mammalian cells appear particularly significant. 

The factors here discussed may be considered in application to the 
problem of treatment of malignancy by ionizing radiation. Much 
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attention has been devoted to the question of the dose rate to be used 
in the treatment of different types of cancers, and to the problem of 
the intrinsic radiation susceptibility of the cells of various tumors as 
compared to normal body cells. If the mechanism of cell-killing 
proceeds primarily through the production of chromosome aberration, 
as has been here discussed, then all the body cells with the normal 
diploid karyotype will have, to a first approximation at least, the 
same chromosomal radiosensitivity. While the cells of the more 
rapidly dividing tissues will more readily bring this chromosomal 
damage to full expression because they will undergo mitosis earlier, 
this difference per se will have no effect directly (though possibly 
indirectly, through cell interaction processes) in determining whether 
or not a self-sustaining line of progeny will develop from a given 
irradiated cell. 

Polyploid cells, on the basis of the theoretical considerations here 
presented, might display either a greater of a lesser radioresistance. 
The fact that more chromosomes are present makes more probable 
the formation of a lethal rearrangement like a_ bridge-forming 
dicentric. However, balanced against this is the relative immunity 
of such cells to destruction by any of the l-hit processes to which the 
normal diploid cell is susceptible, and the further possibility that 
metabolic differences in such cells might alter the rate of reunion of 
broken chromosome ends. The experimental results so far available 
with human cells have always indicated the polyploid cell to possess 
significantly greater radioresistance than the normal diploid, a 
tendency exhibited by its possession of both a higher hit number and 
D® value. In view of the fact that the majority of tumor cells so far 
studied have a chromosome constitution which is hyperploid and 
aneuploid, it seems reasonable to take for granted, until it shall be 
demonstrated in specific cases to be otherwise, that, in general, the 
specific radiosensitivity of cancer cells is equal to or less than that of 
normal cells. 

This conclusion is contrary to that sometimes assumed to be the 
case in radiotherapeutic considerations. Its acceptance, even as a 
provisional hypothesis, requires that the effectiveness of high-energy 
radiation in the treatment and cure of at least certain kinds of 
malignancy be explained. 

It would seem that the degree to which radiation may be effective 
in the control of different types of cancers depends upon the following’ 
factors: the intrinsic radiosensitivity of the cancer cells to repro- 
ductive death by high-energy radiation; the degree to which the 
cancerous cells can be differentially irradiated without delivering 
excessive doses to other body tissues; the total number of viable 
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cancer cells present; and the rate of growth of these cells in the body. 
Since many, if not most, cancer cells may be expected to be more 
radioresistant than normal cells, tumors may be non-responsive to 
radiotherapy, even if all the remaining factors are favorable. In this 
connection, it should be pointed out that tumor cells often display a 
wide range of chromosome numbers, as opposed to the highly uniform 
karyotype of the normal cell. If a tumor with a dominant cell type 
which is reasonably radiosensitive is irradiated directly, it will show 
definite response. However, the remaining cells which may be enriched 
in the more resistant forms can regrow and produce a new tumor which 
is now impossible to treat by radiation without threatening the integ- 
rity of the host organism. Such behavior is not unusual in certain 
clinical situations. In addition, it must be borne in mind that radia- 
tion readily produces viable cells with mutated chromosomal consti- 
tution. Hence, the radiation itself may produce chromosomally 
mutated forms with altered radioresistance. From this point of view, 
it would seem advisable in tumor radiotherapy to utilize the highest 
possible dose and dose-rate, consistent with the sensitivity of the 
simultaneously irradiated normal body tissues. Low dose-rates would 
encourage chromosome breaks appearing singly and reconstituting 
before the combination of several simultaneous chromosome breaks 
needed for death of the polyploid cell could be achieved. When 
this occurs, the production of mutated forms capable of forming 
self-sustaining clonal lines, and exhibiting varying degrees of radio- 
resistance may be enhanced. 

In addition to maximizing of rate of the radiation delivery, the rate 
of abnormal chromosomal restitution may be modifiable by control 
of the conditions of cell metabolism which modify the rate and manner 
of chromosomal rejoining, so that the polyploid cells can be preferen- 
tially inactivated. Study along these lines is under way. 

That cancer cells generally do not usually possess significant, intrins- 
ically increased radiosensitivity as compared with dividing cells of 
the normal tissues is borne out by the fact that the best radiation 
therapy of tumors is accomplished when it becomes possible by 
external directional control or internal chemical localization, differ- 
entially to concentrate the radiation within the malignant tissue. 
If there existed any large, differential radioresistance between the 
dividing cells of the normal, as compared to those of the cancerous 
tissue (comparable to the action of drugs like penicillin upon the cells 
of certain bacteria as opposed to those of the host), there would be no 
need for localizing the radiation. However, the effectiveness of 
radiotherapy in certain kinds of situations can be understood even 
if malignant cells are equally or even slightly more resistant to killing 
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by radiation than are the normal cells. If the radiation can be 
concentrated by physical or chemical means within the tumor tissue, 
the situation is obviously ideal. However, when such localization is 
impossible or incomplete, radiotherapy may still be effective under 
some conditions. For example, if the number of tumor cells is 
sufficiently small, it should be possible to sterilize these without 
irremediable damage to the normal tissues. Since the survival of each 
cell type presumably follows a survival curve like one of those in 
Fig. 2, the dose needed to reduce the survivors of any cell type to less 
than a single individual (i.e. the sterilizing dose) depends on the total 
number of such cells present. If tumor therapy can be initiated at 
sufficiently early a stage so that the number of malignant cells is far 
less than those of the normal dividing cells of the tissues like the bone 
marrow and the proliferating epithelia; or if the number of viable 
tumor cells can first be reduced to such a low level by surgery or 
localized radio- or chemo-therapy, it should be possible then to apply 
radiation (or radiomimetic agents) generally and destroy the remaining 
tumor cells. Hence, the practice often employed of following a local 
tumor-suppressing procedure by the administration of a general 
mitotic inhibitor like mustard gas appears to be sound theoretically. 
Whenever it can be done without danger of distributing cancer cells 
throughout the body, the size of a tumor should first be reduced by 
surgery or other means before application of radiation, in order to 
maximize the probability of sterilization. 

In this connection, it should also be pointed out that the single cell 
methods of cultivation offer new possibilities for improving the 
results of tumor therapy by radiation and similar agents. As previously 
noted, the damage to the integrity of physiological functions which 
follows acute, whole body irradiation in the mean lethal range arises 
first from depletion of dividing cells in tissues like the bone marrow 
which require continuous cell production for maintenance of their 
vital processes. Hence, if viable bone marrow cells are introduced 
into an irradiated animal, these can recolonize the erythropoetic 
tissue and so prevent the number of these multiplying cells from 
falling to a level incompatible with life of the whole animal. In some 
animals like Man, such cell transplantation from other individuals is 
rarely successful, because of immunologic incompatibility. However, 
the techniques of cell cultivation in vitro now make possible stable 
establishment of cultures of cells from any individual and isolation 
therefrom of clonal cell strains (Puck et al., 1958). By the use of 
measures designed to eliminate toxic effects during cultivation, such 
cells now can be grown to virtually any desired number without the 
appearance of the usual chromosome distortion in which the cell 
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karyotype comes to resemble that of malignant cells. Hence, one may 
conceive that bone marrow cells could be removed from a patient 
and clonal lines of normal forms be selected from it and established in 
in vitro culture, for reinjection following a radiation treatment that 
might otherwise prove fatal. While, of course, much experimentation 
is required to test the practicability of such a course, it would appear 
to warrant serious consideration. 

Finally, the growth rate of the cancer cell relative to the other 
multiplying body cells would appear to be a parameter of first 
importance in determining the possibilities of radiation therapy in 
cancer. Cells in mitosis appear to be even more susceptible to chromo- 
somal damage by irradiation than interphase cells. Hence, a malig- 
nancy multiplying with a rate much higher than that of normal cells 
might display an increased relative radiosensitivity by virtue of this 
factor, although there is no evidence yet available to expect effects of 
large magnitude from this source. On the other hand, however, a 
tumor cell growing sufficiently rapidly could place the normal cells 
at a disadvantage if it were not completely sterilized after a single 
course of treatment since any remaining viable cells might regrow 
faster than the normal tissue and quickly reach the point where the 
original volume of malignant cells was restored. Scott has recently 
considered additional aspects of tumor irradiation, like the effects of 
O, and other factors (Scott, 1958). 

In addition to all these factors, the action of radiation-killed cells 
in promoting or impeding the growth of remaining viable cells (Puck 
et al., 1956; Klein and Klein, 1957); the induction of physiological 
reproductive lag in the remaining viable cells; and the action of 
immunologic and similar factors on the relative ability of normal and 
tumor cells to reproduce must be evaluated. It appears obvious that 
the time is now ripe for precise analysis of radiologic treatment of 
tumors from the viewpoint of the population dynamics of the different 
cell types in the various environmental situations which may be 
established in the body. The single cell techniques provide tools which 
make possible quantitation of many of the parameters involved. 


V. RADIATION AND AGING 


The nature of aging in multicellular organisms is one of the classical 
problems of biology and the degree to which this process depends upon 
changes in the genome of the somatic cell, as opposed to purely 
physiological mechanisms operating within or between cells has so far 
resisted analysis. Here, too, single cell techniques now make possible 
informative kinds of experimentation: Measurement of the frequency 
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of different kinds of mutations (visible chromosomal aberrations or 
point mutations) in cells of various tissues taken from animals of 
different ages; comparison of these with the changes produced by 
irradiation; study of such cell lines, both in the irradiated animals and 
in their progeny; measurement of how the growth rates of cells from 
rapidly dividing tissues (like the bone marrow, for example) vary with 
age; and search for the appearance in body fluids of molecules with 
specific effects on colony formation by single cells of various kinds 
grown in vitro under carefully controlled conditions. A number of 
interesting relationships have already been demonstrated. Thus, in 
connection with the last point listed, it has been shown that serum 
taken from virtually any adult human will support maximal growth 
of single human cancer cells of the S3 strain, but none of these sera 
will support indefinite growth of normal diploid human cells. However, 
serum taken from new-born human babies, or from foetal calves is 
adequate to support such growthof cells with normal chromosomal com- 
plement. These intriguing relationships are receiving further study. 
From the radiation data already presented, one can calculate 
whether chromosome breakage resulting from background radiation 
might make an appreciable contribution to aging processes in the 
course of a normal human lifetime. The dose needed to produce an 
average of one visible chromosome break per normal human cell is 
approximately 20 r. This isa maximum dosage figure, because of the 
fact that many breaks undoubtedly become restituted before they can 
be visualized, so that no cytological evidence remains, even though 
gene mutations and other invisible abnormalities may be introduced 
at the point of the break into the cell’s genetic line. It has been esti- 
mated that the real breakage frequency may be at least ten to twenty 
times greater than this value (Lea, 1947). These figures make evident 
that in the course of 70 years, a very considerable number of cells 
could accumulate chromosomal damaging events from background 
doses of 0-05-0-15 r/year. While relatively few cells might be killed 
reproductively, those so affected might remain in situ, so preventing a 
multiplying cell from occupying the given site. In addition, con- 
siderable cumulative damage to the organism as a whole could arise 
from the establishment of gene defects in various multiplying cell 
lines, such as those of the bone marrow and the various regenerating 
epithelia, and in the production of genomic damage in non-multiplying 
cells which, as a consequence, might function less efficiently when the 
induction of new biosynthesis is required. While these data are too 
preliminary to permit any definitive estimate of the role of back- 
ground radiation in normal aging, they indicate the possible contri- 
bution of such factors to the normal aging process, and make clear 
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the great need for studying the cellular (and particularly the cellular 
genetic) basis for the prolonged action of low levels of radiation on 
mammalian populations. 


VI. SuMMARY 


Survival curves of mammalian cells are analyzed by means of a 
formulation governing the contribution to genetic death of the 
following radiation-induced events: (1) single-hit processes like gene 


DNA Content D® x DNA 
(picograms) Content 


(A) Haploid Cells X-ray D® 


E. coli about 6000 r 0:02 


120 
| (Lea, 1947) (Leslie, 1955) 
3000-5000r 0-02 
| (Lucke and Sara- | Ogur et al., 1952) 
Yeast chek, 1953) | (Tobias, 1956) | 80 


(Demerec and Lat- 
arjet, 1946) 


(B) Diploid Cells 


about 14000 r 0-05 
Yeast (Lucke and | (Ogur et al., 1952) | 700 
Sarachek, 1953 | (Tobias, 1956) 


| 300-400 r | 2-5 | 
Chick | (Rubin and Temin, (Leslie, 1955) | 900 
1959) 


50-60 r 8-3 
Man (Puck, 1958) (Leslie, 1955) 500 


Note: The figures for the D® values and the DNA contents are, in some cases, 
only approximate, but in each case should be reliable within a factor of 2 or less, 
which is sufficient for the present, crude analysis. More refined data and calcula- 
tions will be considered later. 


mutations; (2) multiple-hit specific processes like the inactivation of 
each replicate of any essential gene; and (3) multiple-hit, nonspecific 
processes like formation of chromosomal bridges from multicentric 
structures arising from abnormal restitution of two or more broken 
chromosomes. These considerations are able to account for the 
different types of survival curves obtained from X-irradiation of 
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different kinds of mammalian cells and to explain the fact that 
aneuploid, polyploid cells like the HeLa S83 exhibit great sensitivity 
to X-rays but are highly resistant to ultraviolet irradiation. Thus, 
mammalian euploid cells exhibit the same kind of radiogenetic 
processes which have been well established in simpler living systems, 
and their reproductive death can be quantitatively fitted into the 
same scheme which governs the behavior of yeasts and bacteria, 
provided that account is taken of the greater DNA content of the 
mammalian cells. Aneuploid cells still present some difficulty in 


interpretation. 

These considerations have been applied to aspects of the whole 
body radiation syndrome in mammals, to the production and treat- 
ment of cancer by radiation, and to the possible influence of genome 
damage in somatic cells on the aging process. 
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THERMODYNAMICS AND THE 
INTERPRETATION OF BIOLOGICAL 
HEAT MEASUREMENTS 


D. R. Wilkie 


INTRODUCTION 


THERMODYNAMICS is an unapproachable subject partly because of 
its great formal beauty. Starting from the two laws, the whole 
subject can be (and usually is) developed as a kind of mathematical 
double fugue. The result is that it is difficult to understand in concrete 
practical terms what thermodynamics is all about. 

In this article an attempt is made to select those parts of thermo- 
dynamics that are relevant to biology, and to explain them in terms 
of quantities that can be measured experimentally. These ideas 
are then used to decide what can and what cannot be learned from 
measurements of heat production about the chemical processes that 
are taking place in a tissue. The examples that are described in detail 
are all drawn from muscle physiology, but the principles apply to any 
tissue. In the course of the discussion a number of general considera- 
tions emerge about the way in which biological processes must be 
engineered. 


I. THERMODYNAMIC PRINCIPLES 


ALTHOUGH they are, in their details, deplorably complicated, living 
processes have several properties that greatly simplify the application 
of thermodynamic reasoning. First, all their chemical reactions take 
place in solution (gases are dissolved before they are used). With 
few exceptions they can thus be considered as systems that are both 
at constant pressure and at constant volume, for volume changes 
will be negligible (~10-5). The difference between energy and 
enthalpy, or between Gibbs’ and Helmholtz’ free energy, can be 
forgotten. Second, and more important, is the fact that all tissues 
will function when they are at uniform temperature. Temperature 
gradients occur, naturally, as they must in any system that produces 
heat and does not have an infinite thermal conductivity; but these 
gradients are generally incidental, not essential, to biological function; 
and temperature is for practical purposes constant. 
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The two laws of thermodynamics still apply. The first law applies 
in its usual form, as a conservation law. It cannot predict what 
changes are possible, but it does describe how the accounts must 
balance after a change has taken place. The fact that both kinetic 
and stored forms of energy are included in the account can lead to 
practical difficulties in using this law to investigate biological systems, 
for energy may be stored in ways that are extremely hard to detect 
experimentally. ZJ'he second law applies in a simplified form because 
in a system at uniform temperature it is completely impossible to 
convert heat into work. Comparison with heat-engines is there- 
fore misleading; a heat engine does convert heat into work, but 
only because of the temperature gradients within it. (See also p. 290). 

For biological purposes the relations between heat and work (or 
other form of free energy) can be simply stated: 

1. Heat can not be converted to work, by any means whatsoever. 

2. Work can easily be converted into heat—by friction, viscosity 
or many other kinds of imperfection, using simple apparatus. Since 
the opposite change cannot take place, the conversion of work into 
heat is an irreversible degradation. 

3. On the other hand, the different types of work or free energy 
(mechanical work, electrical energy, chemical energy, light, etc.) 
can in principle be freely, completely, and reversibly interconverted 
from one form to another. It is noteworthy that this conversion 
always requires a fairly complex and highly-ordered piece of apparatus 
(dynamo, electric cell, photogalvanic cell, orientated actomyosin 
filament etc.). In practice the interconversion is never complete. 
That part of the free energy which is not converted into the new form 
must appear as heat (first law); it is therefore unavailable for further 
use (see 1. and 2. above). The degree to which free energy is degraded 
into heat therefore measures the inefficiency of any process. If such 
degradation were absent, the system could revert to its initial state 
spontaneously; if degradation is present, free energy must be supplied 
from outside to replace that which has been lost in order to return the 
system to its initial state. Note how important it is always to distin- 
guish clearly between work and heat. Although they appear as 
equivalent when using the first law, the second law shows them to 
be completely different. 

Thermodynamics deals only with macroscopic quantities, that is, 
with assemblages of molecules so large that statistical fluctuations are 
negligible. The distinction between work and heat disappears at 
molecular level, where heat is seen as kinetic energy, and all processes 
are ‘“‘thermodynamically reversible’. Moreover, ‘temperature’, 
uniform or not, means nothing at all to a single molecule at a particular 
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moment, for its energy varies spontaneously and widely from instant 
to instant. 

There is a need for more understanding of the molecular basis that 
underlies and determines the thermodynamic behaviour of matter on 
a large scale. The most important question concerns the difference 
between heat and free energy and the means by which free energy 
may sometimes be transferred from substance to substance, or 
transformed from one kind of energy to another, instead of being 
merely degraded into heat. The best simple physical system which 
will enable us to consider this process in more detail is the galvanic 
cell operating at constant temperature. 


The Galvanic Cell 
Reduced to essentials, the galvanic cell is a pot, containing chemicals 
which can react with each other, but which are constrained from 
doing so by the orderly arrangement of electrodes and the potentials 
on them. Only if current is allowed to pass can the chemical reaction 
take place; at the same time external electrical work is done. The 
electrical energy comes from the chemical energy of the reactants; 
thus interconversion is achieved. 

Before proceeding, note two features that seem to be essential 
for the transformation of chemical energy into other forms. (1) The 
reaction is held away from its normal equilibrium. More specifically, 
the reactants are held in a new equilibrium where their concentrations 
are different from those specified by the ordinary equilibrium con- 
stant. (2) This is achieved by means of a constraint whose nature 
depends on, and determines, the particular kind of energy conversion. 
In a galvanic cell the constraint is the arrangement of charged elec- 
trodes; in a Van’t Hoff reaction box it is the arrangement of the semi- 
permeable membranes and the catalyst. However, it is not clear 
what properties are essential for constraints in general. Must they, 
for example, possess geometrical features; or symmetry, in the sense 
intended by P. Curie? (1894). 

Returning to a more experimental context, the galvanic cell 
presents four quantities that can be measured: (1) the potential at 
(the new constrained) equilibrium; (2) the external work done when 
a given charge passes; (3) the corresponding heat production or 
absorption; (4) the concentrations and changes in amount of the 
various chemical reactants. 

How few of these quantities need we know in order to calculate the 
others? In the biological situation, though equilibrium sometimes 
occurs (cf. the resting potential of cells), the cases that have been 
studied most completely are rate-processes. For such processes we 
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can measure the total work, total heat and total chemical reaction, 
all up to a given time; there is often no strict analogy for the potential 
(1). Although there are technical difficulties, the physical measure- 
ments (1), (2), (3) can all be made with good precision and time- 
resolution. The chemical ones (4) are much more difficult because of 
the small quantities and the large and uncertain number of chemical 
species involved. The problem, then, in the case of muscles or electric 
organs, comes down to this: given only measurements of work and 
heat, what exactly can be deduced about the nature and amount of 
the causative chemical reactions? 

Consider | mole of reaction taking place in a large volume so that 
changes in concentration are negligible (or, alternatively, use differ- 
ential or partial molar quantities). 

1. No external work. If no external work is done, that is, if the 
reactants are merely mixed without being constrained by an electrode 
system, and the reaction is allowed to proceed, there will usually be a 
heat change. Most spontaneous reactions give out heat (exothermic) 
though some absorb it (endothermic) or are thermally neutral. The 
amount and sign of the heat of reaction is a specific attribute of the 
particular reaction, and is equal to the difference between the energy 
content of the reactants and that of the products. 

AH = energy content of products — energy content of reactants, 
per mole. This is a negative number if the reaction is exothermic. 


Then, heat evolved = —AH. 


The frequent occurrence of double negatives is confusing. To 
avoid it, I shall use the terminology delta-bar (—A), AH = (—AH), 


so, heat evolved = AH. 


AH is positive for exothermic, negative for endothermic reactions. 

2. External work performed. If the reaction is performed with the 
electrode system functioning, current passes and external work is 
done. The change in the reactants is exactly the same as before, so 
AH is unchanged. However, according to the first law, the heat 
evolved must be less than it was formerly, for 


heat evolved = AH — external work done yay shes 


If the reaction was originally endothermic, it would absorb still more 
heat when it was allowed to perform external work (see Table 1, 3). 


Exothermic and Endothermic 
Note that the words endo- and exo-thermic can only be applied 
correctly to describe the heat change when no external work is done, 
on the system or by it. They are not equivalent to “heat absorbing”’ 
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or “heat producing” under any other circumstances. An exothermic 
reaction like ATP splitting (Table 1, 4) can in theory perform so 
much work that it absorbs heat while doing so. Nevertheless, it 
always remains an exothermic reaction. 

The actual amount of work obtained from the cell depends on 
the effectiveness of the electrodes, the current density, etc; but even 
if all the practical sources of inefficiency are eliminated (by using the 
cell under reversible conditions) there is naturally a limit to the 
amount of work that can be obtained from one mole of any particular 
reaction. Reactants and products each have a “‘work”’ or free-energy 
content; the difference between these two quantities gives the maxi- 
mum possible work for the reaction. 


maximum work — AF = (free-energy of reactants) 
— (free-energy of products) ....(2) 


This is invariably a positive quantity for all spontaneous reactions. 
The free-energy change bears no particular relation to the change in 
energy content, AH. Though the two quantities are often similar in 
size and sign, they are sometimes very different. The difference, if 
there is one, can be positive or negative; it arises from the difference 
in entropy between reactants and products. These quantities, and 
the wide variety of possible variations, are illustrated in Table 1. 
Combining equations (1) and (2), when maximum work is done, 
that is, during a slow change near to reversible equilibrium (rev.), 


heat evolved (rev.) = AH — AF = T.AS nee 


where AS = (entropy of reactants) — (entropy of products), and 7 
is the absolute temperature. A positive value of 7’. AS corresponds 
to a production of heat. 

A combination of equations (1) and (3) shows what determines 
the heat production under any conditions of external working: 


heat produced = 7’. AS + (AF — work done) fee 


The heat produced thus consists of two parts: 

1. (7. AS), a fixed amount of heat which may be large or small, 
positive or negative, depending on the reaction considered, but which 
appears no matter what the conditions may be, whenever the reaction 
takes place. 

2. (AF — work done) is the part of the free-energy which is 
degraded irreversibly into heat; it is always positive, or zero, corre- 
sponding to production of heat. The amount of degradation depends 
on the effectiveness of the coupling or restraining mechanism, and 
as we shall see later, on the speed of the reaction. 
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It is absolutely essential to realise clearly that when heat production 
is observed experimentally, the heat comes from these two quite 
distinct sources whose significance is altogether different. The first 
represents an incidental and reversible movement of heat; the second 
an irreversible wastage of free energy. Much of what follows will be 
concerned with attempts to analyse heat production into its two 
components. 

If there is no coupling mechanism, and no work done; for example, 
if the reaction is taking place in a test-tube, then from (4) and (3) 


heat produced = 7’. AS + AF = AH, 


which is as it should be, see equation (3). 
If the coupling mechanism is so effective, and the speed of reaction 
so slow, that no free-energy is degraded (reversible process), 


work done = AF 
Substituting in (4) 
heat produced = 7. AS — AF + AF 


so we have the situation already described in equation (3). The 
intermediate case is the one of greatest practical importance; only 
a fraction of the free energy, whose size depends on the coupling 
efficiency, ¢, is made available as work. 


Work done = «. AF, 


where ¢ is the fraction of the free-energy transformed successfully 
from one form to another. Then, 


heat produced = 7. AS + AF(1 — e). ca ee 


For practical purposes it is often convenient to express both terms 
in equation (5) as multiples of the heat of reaction, AH, since this is 
often the easiest, or the only possible, quantity to measure. Under 
many circumstances the heat production depends on the ratio 
AF/AH, which will therefore be given its own symbol Y. Let 
AF/AH = Y. Then substituting in equations (3) and (5), and com- 
bining, 

heat produced = AH(1 — 


The operation of these equations will be illustrated by an example of 
general biochemical interest, the hydrolysis of adenosine triphosphate 
(Benzinger and Hems, 1956). This reaction can be made to yield up 
part of its free energy in the form of mechanical work if the reaction is 
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carried out in the presence of an orientated actomyosin filament. 
The actual numbers should be utilized with caution, for reasons 
that will be outlined later; but under the conditions that were 
employed in the determinations (standard concentrations, pH 7-0, 
37°C; see Table 1, 4.): 


AF = +7730 cal ; AH = +4800 cal; 
T.AS = —2930 cal (AS= —9-45 e.u.). 


Thus the reaction is exothermic, giving out 4800 cal when it takes 
place in a test-tube without doing any work. Under reversible 
conditions (e = 1-0) it will spontaneously perform 7730 cal of work, 
and at the same time absorb 2930 cal of heat. If only part of the free- 
energy is employed usefully, and the remainder degraded to heat, 
the total heat-production will fall somewhere between the limits 
+4800 to —2930 cal. For example, if the efficiency, ¢, is 0-38, no 
heat will be produced or absorbed at all. 

Note that for this reaction, AF/AH = Y = 1-61. For glycolysis, 
which is also an important energy-yielding hydrolytic reaction, 
Y = 1-5 to 2-0 (Burk, 1929) depending on the buffer system present. 
Probably the other hydrolytic reactions such as the splitting of 
creatine phosphate have similar high values for Y, but direct evidence 
on this point seems to be lacking. For the oxidation of glycogen, 
Y = 1-03 (Burk, 1929). The amount by which Y is different from 
1-0 indicates the relative size of the entropy change, since 

T.AS =(1 — Y)- Ad. 

All reactions for which ¢«.Y > 1-0 absorb heat when they perform 
work (see equation (6)). This does not mean that they are converting 
heat into work at constant temperature, and contravening the second 
law of thermodynamics; for the reactants are not in the same state 
at the end of the reaction as they were in at the beginning. 

One other simple rule that emerges is that actual absorption of heat 
can only occur if an appreciable entropy term is participating: the 
free energy term can only lead to the evolution of heat, or to no heat 
change at all. 


II. Appiications: THE QuaNntTITY OF CHEMICAL REACTION 


Before setting out to consider specific problems in interpretation, two 
general rules can be stated: 

1. If the problem in hand is to discover the amounts of the various 
chemical (and physical) processes that have occurred, and their 
time-course, then one is concerned exclusively with AH, the heat of 
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reaction or change in internal energy. The only equations needed 
are directly derived from the first law of thermodynamics. 

2. If the problem is concerned with the possibility that one process 
drives another; that is, with understanding the mechanism involved, 
then it is necessary to know AF (or AH and Y) in addition to the 
amounts of reaction. Ifthe problem is merely concerned with efficiency 
then it suffices to know Y(= AF/AH) without knowing either 
AF or AH individually. The equations used involve both laws of 
thermodynamics (e.g. equations 4 and 6 given above). 

Most of the examples described below will relate to muscle physi- 
ology, though the methods employed can be generally applied. Muscle 
is the tissue whose heat production is best understood, as a result of 
the studies extending over many years made by A. V. Hill and his 
co-workers. 


The Amount of Reaction 
The practically useful form of rule 1 is a modification of equation (1): 
heat produced + work done by tissue (i.e. quantities measured 
experimentally) = » . AH 
where n is the number of moles of reaction that have taken place up 


to the time in question. 
If several reactions are going on simultaneously, then 


k 
heat produced + work done = Sn, . AH, 
0 


Subscripts 0 to & characterize the k internal processes that are going 
on; 2, is the number of moles of reaction j that have occurred since 
time zero, and AH, is its heat of reaction per mole. 

Perhaps it is worthwhile to repeat that AH, is a characteristic of 
each particular reaction. AH is only equal to the measured heat of 
reaction under conditions where no work is exchanged with the 
environment. It is especially important to realize this if one of the 
processes 0-k is a physical one such as discharge of energy stored in an 
ordinary elastic solid. The appropriate value of AH, is the heat that 
would be measured if all this mechanical energy were degraded 
irreversibly into heat within the elastic body, so that heat from 
degradation is added to that from thermoelastic effects (see Table 1, 
10). 

Equation (7) makes it possible to draw up a balance sheet either 
for the whole process, or for any part of it if the time-resolution of the 
methods permits. Ideally this should be the first stage in the complete 
interpretation of the energetic events. However, as Hill and Meyerhof 
found (1920-1930) there are practical difficulties in achieving this 
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ideal. Even so, quite a reasonable balance sheet was arrived at. It 
might be possible to overcome some of these difficulties now that 
chemical methods have improved in delicacy and comprehensiveness 
(as a result of the introduction of chromotography), as well as in 
time-resolution. 

Basically, the trouble is that equation (7) contains 2k unknowns in 
addition to the measured heat and work. The & values of »; must be 
determined by chemical analysis, and often these will represent small 
changes in large amounts of reactant present; and the k values of 
AH, have to be determined by in vitro calorimetric measurements. 
Obviously, errors can easily arise, even if all the participating reactions 
have been correctly identified, and all secondary reactions such as 
neutralizations have been included. 

This rigorous view of the situation should always be kept in mind, 
but one need not be depressed by it; for reasonable simplifying 
assumptions can often be made, or the chemical processes themselves 
simplified by means of metabolic inhibitors or by considering only 
moments at which one particular reaction predominates. All these 
simplifications convert the system being studied from an open system 
(exchanging matter and energy with its environment) into a closed 
one (exchanging energy only). 

Applications to muscular contraction. Equation (7) shows that, 
for a fixed amount of reaction, the more work done, the less heat 
produced. On the other hand, during muscular contraction, when 
work is done, more heat is produced, not less. (Fenn, 1923; Hill, 
1938, 1949, etc. reviewed A. F. Huxley, 1957; H. E. Huxley, 1959; 
Wilkie, 1954). Making the simplest assumption, that only one chemical 
reaction is responsible for the contractile process, one can conclude 
that it is an exothermic reaction and that more moles of it take place 
when shortening is permitted; that is, that there is some sort of link 
between mechanical conditions and chemical reaction. More compli- 
cated assumptions lead to more complicated conclusions, which are 
obvious enough from equation (7), but not very profitable at the 
moment. 

During stretching, that is, when work is done on an active muscle 
rather than by it, the heat produced can, for a short period of time, 
be less than the work done (Hill, 1959). The quantity 


(heat produced + work done by muscle) = Sn. AH 


summed from the moment of stimulation, first goes positive, as during 
ordinary contraction, then returns to zero while the stretch is being 
applied. Assuming either that all the normal chemical reactions are 
exothermic or that the reactions occurring during the two phases are 
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the same (but not necessarily all exothermic), one can conclude that 
actual reversal of chemical reaction must have occurred during the 
stretch with storage of some of the work as free energy. The only 
circumstance under which this would not be true would be if the 
stretch triggered off a new endothermic reaction. Both the initial 
exothermic reaction and the endothermic reaction during the stretch 
would be going forward spontaneously, giving out free energy rather 
than storing it. This sequence of events is possible, but does not seem 
probable. 


Ill. Erricrency 


The efficiency with which a whole process such as muscular contraction 
is carried out is obviously important in the animal or human economy, 
since it determines how much useful work can be obtained from a 
given quantity of food. However, the physiologist, like an engineer, is 
also interested in analysing the total efficiency, to see at what points 
in the mechanism the inefficiency is occurring, and why. 

In a system of the kind we have been considering, at uniform tem- 
perature, wastage occurs when, and only when, free energy is degraded 
into heat, instead of being merely transformed from one kind to 
another. The only valid measure of efficiency, for a system of the 
kind we are considering, is thus: 


(free energy transformed)/(total free energy made available), 


and it was this fraction that was given the symbol ¢ in equations (5) 
and (6). 

In the case of muscular contraction, 

efficiency = (external work performed)/(free energy used up). 


We see at once the practical difficulty in measuring the efficiency 
experimentally; there is no simple physical way of measuring the 
free energy used up. Heat and work can be measured fairly easily, 
but an estimate of the free energy used up demands: 
1, Correct identification of the chemical reactions yielding energy. 
2. Some knowledge of the thermodynamic parameters of these 
reactions. 
Fortunately, the amount of knowledge required need not, in practice, 
be very large. By analogy with equation (7) 


k k 
free energy used up = Yn,;. AF; = SY,.n,;.AH,; ....(8) 
0 0 


(Y, is AF,/AH, for each reaction). 
This looks formidable, but it can often be assumed either that only 
a single reaction has occurred, or that the values of Y for the different 
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reactions are similar. In either case the result is simple (see equation 


(7)): 


(free energy used up) = 


Y - (heat produced + external work performed) 


A. 


(quantities measured experimentally) 


(Note that neither AH nor AF need be known, only their ratio.) 
Even if the different reactions have different values for Y, it is still 
reasonable to assume one common value, which will be the weighted 
mean of the various individual values; though it should be noted that 
this value will alter as the proportions of the various reactions alter. 
As before, experiments will be much easier to interpret if the system 
is closed rather than open. 

In order to convert measurements of heat and work into estimates 
of efficiency, it is thus essential to know, or to have explicitly 
assumed, a value for Y, since 


(external work performed) 
Y ‘(external work performed + heat produced) 


efficiency = 


= (defining symbols w and h) 
In the usual discussions of muscular efficiency, the factor Y is over- 
looked, or rather, implicitly assumed to be unity (see Wilkie, 1954 
p. 304). In a physico-chemical system operating at constant tempera- 
ture, Y may be near to unity but on the other hand, it may be very 
far from it (see Table 1), for the values of Y in real systems vary from 
a small positive fraction, through unity to plus infinity, then from 
minus infinity up to moderate negative numbers. 

The total energy-yielding reaction in muscle is probably the oxida- 
tion of glycogen. For this reaction the value of Y is about 1-03 (Burk, 
1929): since, for the whole process, under favourable conditions, 
h =~ 4w (Hill, 1939a,b), the corresponding total efficiency is 0-194 
(equation (9)). The real difficulty arises when the initial processes 
only are considered, that is, those that actually accompany the 
mechanical changes in the muscle. For these it is found experi- 
mentally that h = 1}w. Since it is not known exactly what these 
initial processes are, it is not obvious what value of Y to assume. 
The difficulty cannot be made to disappear by disregarding it: 
an assumption must be made and the usual (implicit) assumption 
that Y = 1-0 is most probably wrong; for such indirect evidence as 
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can be brought to bear on the problem suggests a value in the region 
of 1-5 (see p. 278), and thus an initial efficiency of about 0-27. If 
w/(w + h) is to be used in physiology to express the relation between 
w and h, its peculiarities should always be clearly stated; in particular 
the fact that its maximum possible value is not 1-0 or 100 per cent, 
but is Y or 100 Y per cent, an unknown quantity (see Hill, 1913, 
p. 469). It is thus not possible to estimate the efficiency from measure- 
ments of work and heat alone. However, if it is assumed that the 
initial process can be characterized by a single value of Y, the same 
during shortening and stretching, it is at least possible to set limits 
for the value of Y and for the initial efficiency. 
During shortening, 


1 w O-4 9 


& = 


while during lengthening 


(w + h) 


e* = — Y 


Ww 


(using Hill’s experimental results, 1939; 1959). Since e and e* 
must both be less than 1-0, Y must be between 0-4 and 2-0. Inserting 
these values back into the equations, it follows that both ¢ and e* 
must be greater than 0-2. 


Entropy Production 
The degradation of free energy is the measure of inefficiency in a 
system at constant temperature. This is actually a special case of the 
employment of a much more universal criterion of wastefulness, the 
creation of entropy, which measures inefficiency under all conditions. 
In our special case, free energy degraded per mole of reaction = 
(1 — e)AF = 7. AS’, where AS’ is the entropy created and 7’ the 
absolute temperature. The creation of entropy must be clearly 
distinguished from the mere exchange of entropy that occurs, for 
example, when a process proceeds reversibly (see eq. (4) et seg.). In 
the latter case, the entropy gained by the environment is exactly 
counterbalanced by the entropy lost by the system, so the entropy 
of the universe is not altered. In fact, the two components of heat 
production referred to on page 265 arise from entropy exchange and 
entropy production respectively. 

The study of entropy production forms the subject-matter of a 
growing branch of physical chemistry, the “thermodynamics of 
irreversible processes” (see e.g. Prigogine, 1955). This is something 
of a misnomer, since classical thermodynamics was by no means 
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confined to the study of equilibria, but undoubtedly the viewpoint 
being developed will be of great importance in biology. Some examples 
will be presented later. 


IV. CoupLtep REACTIONS 


Initial and Recovery Heat in Muscle 


The final effects, such as muscular contraction or nerve conduction, 
are not directly produced by the oxidation of foodstuffs. Between 
the two is interposed a long and complicated chain of chemical 
reactions. The nearer the effector end, and the higher the level of 
tissue activity, the less likely these reactions are to be in a steady 
state. With striated muscle, certainly, the reactions must go forward 
during activity and be reversed during recovery. Before considering 
a whole chain of reactions, let us examine in detail the changes that 
occur when a single reaction goes forward and is later reversed, 
taking one mole of an exothermic reaction as an example. 


Reversal of a Single Reaction 


When the reaction goes forward, an amount of energy will be released 
equal to AH, which will show itself as heat, or if suitable conversion 
apparatus is present, as heat and work. This does not mean that the 
reaction will absorb heat when it is reversed. Precisely what happens 
depends on the particular reaction considered, and specifically, on its 
ratio AF/AH = Y. If Y is greater than +1-0 (as it is in all the 
biochemical reactions that we shall be considering) then the reaction 
is exothermic when it goes forward and it gives out still more heat 
when it is driven backwards. The key to this apparent paradox is 
that the reaction must be driven backwards; it cannot reverse itself 
spontaneously. So although the reactants gain energy during reversal, 
they only do so because free energy must be supplied from outside 
to make this part of the process go at all. The energy must be free- 
energy: heat will not do. 

There has been a good deal of confusion over this point in the past, 
so it seems worthwhile to illustrate it by a numerical example. 
Consider one mole of ATP-splitting, for which AF = +7730 eal, 
AH = +4800 cal, 7. AS = —2930 cal, Y = 1-61. When this reaction 
goes forward irreversibly, 4800 cal of heat are evolved. To reverse it, 
7730 cal of free energy must be supplied from outside; and during 
reversal 2930 cal of heat will be evolved. If the coupling is not very 
efficient, so that some free energy is degraded into heat, more than 
7730 cal of free energy must be supplied and the heat production 
during reversal will be even greater than 2930 cal. 
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Two Coupled Reactions 


This free energy must come from somewhere, and the thermodynamic 
characteristics of the driving reaction will obviously be important in 
determining the heat production of the two coupled reactions con- 
sidered together. Since the driving reaction can be any system that 
produces free energy, and since such systems exist with a wide 
variety of properties (see Table 1), all kind of effects can arise. Two 
especially simple cases are the following: 

(1) If the driving reaction, identified by the asterisk *, has AF* = 
AH*, (Y* = 1-0), it will produce its free energy without producing or 
absorbing heat (neglecting irreversible degradation which amounts 
to saying AF*(driver) = AF(driven)). Consequently, the heat changes 
detected will be exactly as described in the previous paragraph, and 
will be entirely determined bythe characteristics of the driven reaction. 

(2) If the driving process has AH* = 0 (AF* = —7'. AS*, Y* = 
co); for example, if it is a thermally-neutral chemical reaction, or an 
osmotic process, then an amount of heat equal to AF* — AF will be 
absorbed by the driving reaction. Since the driven reaction is 
simultaneously absorbing heat = 7’. AS, the total heat absorption 
will be (AF + 7. AS) = AH. This is the only situation in which an 
exothermic reaction will actually absorb its heat of reaction during 
reversal. It will be shown later that when a reversible reaction 
approaches its equilibrium “from the other side’’, and with a heat of 
reaction of opposite sign, something exactly analogous to the above 
process is taking place. 

The general case, where Y can have any value and where inefficiency 
arises from the degradation of free energy, will next be examined, 
and the result applied to make a new interpretation of the initial 
and recovery heats in muscle. 

Consider a reaction A (Fig. 1) characterized by AH,, AF 4, Yq, 
which first goes forward spontaneously and is then reversed by 
reaction B. 

The first switch is closed, and one mole of reaction A allowed to 
proceed. It produces heat, hy = AH,, or if a suitable conversion 
system is present, heat and work also equal to AH,. In either case, 
h, is a quantity that can be measured experimentally. Now open 
the first switch and close the second one to reverse reaction A until 
its reactants are back in their original state. The two reactions are 
linked stochiometrically; we shall assume for simplicity that one mole 
of reaction B will be required. 

As the regeneration proceeds, heat (h,,4) will be either evolved or 
absorbed. Heat evolved, hz, = AH, —AH,. This is also a 
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REACTION A | | REACTION B. 


Fig. 1. Two coupled reactions. 


quantity that can be measured. The coupling efficiency is ep 4 = 
AF ,/AF, (since AF, is the useful work done) hence, 


or in an alternative arrangement, 


Y, 
+ 


(note that h, is the total energy handed on to the next stage) 


It is only when Y, = Y,z that all the heat observed during 
regeneration arises from degradation of free energy. If Y4 > Yz 
there will be, in addition, an evolution of heat resulting from a 
difference in the entropy changes. This is the situation in muscle 
during oxidative recovery, which will now be discussed. 


Initial and Recovery Heat in Muscle 


The initial heat accompanies the mechanical changes in the muscle. 
It is not derived directly from oxidation, and is entirely unaffected 
by complete absence of oxygen; almost certainly the energy comes 
from hydrolytic reactions. For a summary of these experimental 
findings see Wilkie (1954). There is strong, but not conclusive, 
evidence that the first chemical reaction to take place is the hydrolysis 
of adenosine triphosphate, ATP; and that this reaction is very 
rapidly reversed again by being coupled to the hydrolysis of creatine 
phosphate. The entire chain of reactions between oxidation of 
glycogen and the performance of mechanical work is very long and all 
its details are not yet understood. Fortunately, for present purposes 
it will suffice to divide the chain into four segments, as illustrated 
in Fig. 2. 
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A. The initial process, comprising the chemical and physical 
changes that accompany the mechanical events of contraction and 
relaxation. 

B. The anaerobic recovery processes up to, but not including, 
glycolysis. 

C. Glycolysis. 

D. All the processes involved under aerobic conditions in oxidizing 
either glycogen or lactic acid, to reverse glycolysis. 


Output % =? =? 1-03 
OA, 105 4, | HOA, | Oxidati 
Initial Anaerobic r Glycolysis | 
| | | | | | 20% | 
w= h, 0-05, h, =0-90h, 


Fig. 2. The chain of chemical processes involved in muscular 
contraction and recovery, divided into four segments. 


Under normal conditions, processes B, C, and D run together and 
cannot be distinguished from one another. However, they can be 
separated experimentally; D from B and C by withholding oxygen, 
then C from B by iodoacetate or by low pH (see D. K. Hill, 1940). 
The corresponding heat changes, shown in Fig. 2, have been extracted 
from the literature (A. V. Hill, 1939a,b; D. K. Hill, 1940). The 
exact size of heg is somewhat uncertain, and A,, is rather variable 
(in fresh muscle it includes a transitory heat absorption). However, 
both are so small that this does not matter very much. Values of 
Y,and Y¢ were given by Burk (1929). Y can be from 1-01 to 1-06, 
so a value of 1-03 has been assumed. Y, = 1-5 includes the secondary 
reactions required to neutralize the lactic acid formed; moreover, 
both values of Y were calculated in such a way as to apply at physio- 
logical concentrations. Burk’s values are now rather old, but they 
seem to be the best available. If these values are modified, this will 
alter the conclusions, but not the arguments, that follow. 

The efficiency of the whole process of conversion is ¢ = 0-4/(2-0 
1-03) = 0-194; but the way in which the inefficiency is distributed 
among the various stages, and the two values Y, and Y,, remain 
unknown. With present knowledge, only one of these unknowns, 
Epc, can be calculated unambiguously, but certain useful relations 
can be established among the others. 

Consider the stages separately. 
Stage DC. From Fig. 2 it can be seen that the energy handed on to 
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the next stage is 1:10.h,. Substituting all the appropriate values 
in equation (11), 

1-5 1 


This is at variance with the commonly-accepted view of the situation, 
according to which oxidative recovery is a relatively inefficient process 
(e approximately 0-5). The latter view is based on the misconception 
that all the heat evolved during oxidative recovery comes from degra- 
dation of free energy, i.e. that it represents waste, whereas in fact, 
more than half of the heat (0-49 h,) arises from entropy exchanges, 
and less than half (0-41 2,) from degradation. 

Stage CB. Substituting the appropriate values in equation (10), 


== 1-57 


Unfortunately, individual values cannot be assigned to Y, and ecz 
without further information or assumptions. The most that can be 
done is to say that since eg, must be less than unity, Y, < 1-57. 

Stages BA and output. Similarly, it is easy to show that Y, < 1-65 
and e, > 0-242; and of course, the net efficiency of the anaerobic 
processes must be equal to the total efficiency divided by the efficiency 
of the oxidative processes i.e. egg X &g4 X €4 = €/Epc = 0-194/ 
0-802 = 0-242. To go further, in the absence of further knowledge, 
is a matter of speculation rather than of fact. This is unfortunate, 
because a major obstacle preventing proper interpretation of myo- 
thermic measurements is the lack of knowledge about the value of Y 
for the initial process. Present experimental measurements of the 
relation between work and heat during muscular shortening (Hill, 
1949) or stretching (Hill, 1959) set limits for Y, but they are rather 
wide ones; 2-0 > Y > 0-4 (see p. 273). However, a certain amount of 
other information is available which is useful, even if less certain. 

The nature of equation (10) is such that the higher the values chosen 
for Y, and Y, the greater is the tendency to shift the inefficiency 
forward to the output stage. For example, if high values Y,p = Yy = 
1-5, are assumed, then egg = 0-955, ep, = 0-952 and e, = 0-267; 
this seems the most reasonable guess if one has to be made at the 
moment. To assume, without reason, that Y, = 1-0, as has been the 
custom until now, is even more speculative, and leads to the improb- 
able conclusion that most of the inefficiency is concentrated in some 
early recovery process such as transphosphorylation rather than in the 
actual performance of work. 

There is independent evidence that for hydrolytic reactions of the 
kind that are probably going on, something like 1-5 is a reasonable 
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value for Y, being found both for glycolysis under physiological 
conditions and for ATP-splitting under standard conditions (Table 1). 
Inefficiency in the output stage is to be expected partly because of 
the high speed of the reactions there and partly because the coupling 
has to be mechano-chemical rather than purely chemical. With 
chemical coupling, and low speed, even such a complex process as 
oxidation, involving many individual steps, can be carried out with 
high efficiency. 


V. FREE ENERGY AND CONCENTRATION 


Any textbook on chemical thermodynamics will explain that con- 
centration must be taken into consideration for two quite distinct 
reasons: 

1. Activities versus concentrations. Solute molecules are obviously 
in close contact with those of the solvent; and, if the solution is at all 
concentrated, with other solute molecules too. The resulting inter- 
actions make the reactants tend to behave in a more complicated way 
than they do during gaseous reactions. For another thing, the solu- 
tions encountered in practice correspond to gases at quite high pressure 
(a molar solution corresponds to 22-4 atm) where real gases already 
show substantial departures from ‘“‘perfect’’ behaviour (Joule— 
Thomson effect etc.). Unfortunately it is usually impossible to account 
for these complexities theoretically. For this reason it is usual to 
preserve the simplicity of the classical equations by adjusting the 
‘measured parameters, where necessary, to fit them. In particular, 
“effective” concentrations are inserted into the equations instead of 
the actual measured concentrations. The ratio (effective concentra- 
tion)/(actual concentration) is called the activity coefficient, and it is 
usually a very troublesome thing to determine experimentally. 

Fortunately, in biology the molecules are large, and the concen- 
trations encountered are usually measured in mmoles/]. rather than 
moles/l.; so it is probably safe to assume that activity coefficients 
are unity except in the case of inorganic ions such as sodium and 
potassium. These may be present in higher concentration, and in any 
case the interactions between ions are stronger than those between 
uncharged particles. Fortunately, in this case the activity coeffi- 
cients may be calculated by means of the Debye—Hiickel equation. 

2. Free energy and change in concentration. The previous section 
was concerned with the influence of the absolute concentration on the 
various reactants. From the point of view of understanding how 
biochemical processes are engineered, the effect of the relative con- 
centration of the reactants and products on free energy is much more 
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interesting. The essentials of this question, given in any textbook, 
are as follows: 
During a chemical reaction 


6A LOB 


the actual free-energy change is 

A}*[ By) 

AP = + RT log, 

oe [ D}4 ( ) 

i.e. it consists of two terms, the first of which, AF°, is the “standard 

free energy’. This is constant and equal to the actual free energy 

for the particular case when all the participants are at unit concen- 

tration, so that the second term vanishes. The other special case 

that is of interest is when AF = 0, that is, when the system is at 

equilibrium. The concentrations must then have adjusted themselves 
so that 

[A]}* [B) 


AF° = RP = RTlog,K ....(13) 
equil. 


where K is the equilibrium constant as ordinarily defined. 

The AF values are all in calories per mole of reaction, and the 
condition underlying the derivation of equations (12) and (13) is that 
the system is so large that the loss or gain of one mole of reactant 
makes no difference to the concentrations. In practice, systems are not 
of infinite size and it is really better to perform the derivation by 
allowing only an infinitesimally small amount of reaction, dn moles, 
to proceed. AF then appears in its true colours, as a differential, 
or partial molar, quantity: AF — —dF/dn, where F is the total 
free energy of the whole system. 

It has become clear in previous sections that when processes are 
coupled, waste is only to be avoided by making the AF values 
for the two processes nearly equal. Conversely, we shall see later 
that speed of reaction can be obtained only by making the AF values 
rather different. Equation (12) shows how different reactions can be 
matched or mismatched at will by suitable adjustment of the con- 
centration term. In theory the concentration ratio can vary from 
zero (pure products) to infinity (pure reactants). For each tenfold 
increase or decrease in the ratio, AF will accordingly increase or 
decrease by about 1380 cal/mole. In practice there are severe limita- 
tions on the use that can be made of this facility; they become very 
obvious when one studies the changes that take place in an actual 
system of finite volume when pure A and pure B are mixed together 
and allowed to react. 


VOL 
lo 
196 


Thermodynamics and the Interpretation of Biological Heat Measurements 281 


It seems to me that a clearer understanding is gained by regarding 
a chemical reaction as two coupled but separable processes which 
correspond formally with the two terms in equation (12): net free 
energy change AF = AF° + AF., where AF® is the free energy 
obtained from the actual molecular rearrangement aA + 6B —-cC + 
dD. Each mole of reaction that occurs therefore yields the same 
amount of free energy; AF° is independent of concentration (except 
for the secondary ‘‘activity coefficient’ effects dealt with above). 


LAP 


AF, = RT log 


is the work obtainable from mere changes in concentration, in the 
absence of any actual chemical affinity. This is best illustrated by an 
example. Let a—b—c=—d = 1, so that the reaction is 


Begin by mixing one mole each of pure A and pure B in a finite 
volume. Even in the absence of any chemical affinity (AF° = 0), 
the reaction can proceed half-way. The reason for this is that work 
can be obtained when the reactants at high concentration become 
products at low concentration; and all processes that can yield work 
are thermodynamically possible. The (theoretical) machinery re- 
quired to obtain this work in useful form, the Van’t Hoff box, is 
cumbersome and impractical, but interesting. It comprises five 
selective membranes (assuming that the reaction takes place in 
an indifferent solvent), a frictionless piston and some frictionless 
valves, and a catalyst. By suitable manipulation of these, the changes 
in concentration are made to do mechanical work on the piston. 
Analysis of the process reveals that the chemical rearrangement, even 
though it yields no energy, still plays an essential réle; that of 
changing the identity of the molecules so that instead of passing 
through membranes A and B they must pass through C and D. This is 
an interesting and rather strange idea, since difference of identity is 
such a hard thing to define except in terms of specific and workable 
mechanisms for detecting the difference; while thermodynamics is not 
in general concerned with questions of mechanism. It is not a self- 
evident law of nature that it must be theoretically possible to make 
selective membranes to detect any differences, no matter how 
slight. 

Returning to the calculation, denote the degree of advancement 
of the reaction by n (moles) which in this case will vary from 0 
to 1-0. 
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Then 


AF, 


— = 2RT log, aoe —dF ,/dn 


n2 


The calculated variation in AF, is shown in Fig. 3a, dotted line 
When n > 0-5, AF, becomes negative, that is, free energy must be 
supplied to the reaction in order to carry it into this region. This is 


Pure A+8 Pure C+D 
Degree of advancement, mole 


Fig. 3a. The variation in free energy per mole (AF or — dF/dn) 
with the degree of advancement of a chemical reaction. The 
equilibrium point is indicated in each case by an arrow. 

Fig. 3b. The same as Fig. 3a, but showing how the total free 
energy (— /’) varies with the degree of advancement. 


exactly what happens when the chemical rearrangement itself yields 
energy, that is, when AF° is positive. This energy is used to drive 
the reaction into a region that it could not otherwise reach. Hence 
the connexion between AF° and the equilibrium constant. 

This interpretation is illustrated in Fig. 3a, full lines, for the three 
cases AF° = +1000, +2000, +3000 cal/mole. The three curves show 
the corresponding variations in the net free energy AF = AF° + AF. 
In each case the system can move spontaneously until AF = 0: 
it goes further and further to the right, the greater the value of AF°. 
The same effect is seen even more clearly in Fig. 3b which in the 
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integrated form of Fig. 3a and shows the total free energy evolved 
by the reactants from the moment of mixing pure A and B. The 
integral, derived directly from equation (14), is 


F, = 2RT[(n — 1) log, (1 — n) — n log, 


As before, the dotted line shows what happens in the absence of 
chemical affinity, and the full lines illustrate the cases dealt with 
before, when AF° = 1000, 2000 or 3000 cal/mole. The system will 
always tend to move spontaneously towards the state in which it has 
put out the maximum quantity of free energy, when its own free 
energy will be a minimum; that is, towards the peak of the curve. 
It is clear that although concentration changes can lead to very wide 
variations of AF(—dF/dn), the actual amount of energy available 
from concentration changes is really very small; being at the most 
830 cal (415 per constituent). When AF® is greater than zero, 
and the equilibrium is shifted over to the right, the energy obtained 
from the change in concentration is partly absorbed again, so it makes 
an even smaller contribution. In consequence, when AF® is very 
large, the peak of the curve is not only shifted far over to the right, 
but it also becomes very inconspicuous as a peak. Perhaps this is 
why some reactions of high energy do not appear to be reversible. 


Heat Production at Various Stages of Reaction 
Since we are so far considering a reaction that is not doing any work 
external to itself, the production or absorption of heat will be deter- 
mined by changes in the energy content, that is by AH. As in the 
case of the free energy changes, the net AH can be considered in two 
parts 


AH = AH° + Ad, 


part being due to molecular rearrangement and part to concentration 
differences. However, the situation is considerably simplified by the 
fact that, for perfect solutions, AH, = 0, just as in the case of perfect 
gases, so that AH = AH?°, which thus remains constant at all stages 
of reaction. Nevertheless, departures from “‘perfection” will occur 
in solutions of moderate concentration, and they may be allowed for 
by adjusting AH as a function of concentration. The variation in AH 
is bound to be small compared with that in AF: the result is that 
AF/AH = Y must vary from o when x is 0 or 1-0 to 0 at equilibrium: 
also when n = 0:5, Y = AF°/AH?®. As we have seen already, the 
pattern of heat production in coupled reactions is very much affected 
by the value of Y; it must in turn be affected by the concentrations 
of the various chemical reactants. Since AH, is 0, any work performed 
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by the changes in concentration must be accompanied by an equal 
absorption of heat, just as in the case of a perfect gas; i.e. 

AF, = —T.AS, since AH, =0 
and the performance of work must be accompanied by a large increase 


in entropy. 
These changes are illustrated in detail in Fig. 4, for a reaction whose 
AF° = +3000 cal, AH° = +2000 cal, 7. AS° = —1000 cal. The 
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Free energy, cal /mole 


05 ne) 


Degree of advancement, mole 
Fig. 4. The variation of free energy, heat of reaction and entropy 
as a function of the degree of advancement. The heat production at 
any point is obtained by adding the heat obtained from degradation 
of free energy, AF, to the heat obtained from ent ropy changes, TAS. 
It can be seen that the sum always turns out to be constant and 
equal to AH®. 


reactants have merely been mixed in a beaker; no external work is 
being done, and all the free energy produced is being degraded into 
heat, as shown by the shaded region. However, only part of this heat 
is detected since heat is being absorbed at the same time as a result of 
entropy changes (dashed lines): the net result is a heat production 
AH?®. If the reaction had started on the far side of equilibrium, as a 
result of mixing pure C and D, this graph would have to be inverted, 
and heat equal to AH® would be absorbed. 
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The Performance of External Work at Various Stages of Reaction 


If the reaction is coupled either to another chemical reaction or to 
a machine for transforming chemical energy into other forms (e.g. 
galvanic cell, actomyosin filament), then the molecules are constrained 
in some way so that they can only react if at the same time they give 
some of their free energy over to this external agency. The energetic 
effect of this is illustrated in Fig. 5 for a reaction whose AF° = 3000 


10 000 


cal/mole 


Free energy or work, 


“Excess JF” 


05 
degree of advancement, mole 


Fig. 5. The performance of external work by a chemical reaction. 


cal/mole: for simplicity, the case considered is one where the work 
performed per mole of reaction is independent of the degree of 
advancement of the reaction and equal to 5000 cal/mole. The free 
energy made available by the reaction (vertical shading) is now 
liberated partly as useful work, and only part (cross-hatched) is 
degraded to heat. Also, the equilibrium point is substantially shifted 
to the left. It is the “excess free energy”’ (lower curve) that drives 
the reaction, and as soon as this becomes zero, the reaction stops. 

For coupling, it will be remembered, it is necessary to match the 
AF values for the two processes; and clearly, by working further 
and further over to the left, a reaction can be operated at any chosen 
value of AF. However, it is also clear that a price has to be paid for 
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this facility. Because of the consequent shift of the equilibrium point 
to the left, the actual amount of work obtainable per mole of 
reactants present i.e. the area of the rectangle, falls off very steeply 
if the reaction is operated far from its AF°. This is illustrated by 
Fig. 6 which shows how the total external work performed varies 
when the constraint (i.e. the AF of the process to which it is coupled 
or the external work performed per mole of reaction) is varied; 


7000 


cal 


6000 


5000 


4000 


3000 


2000 


1000 


Total work performed by 1mole of reactants, 


15000 


AF = work performed /mole of reaction, cal /mole 
Fig. 6. The variation in total work obtained when reactions are 
operated at various values of AF. The four curves show this 
variation for reactions with various values of AF°. The stars 
indicate the points for which AF = AF° 


for reactions whose A F° are 1000, 3000, 6000 and 10,000 cal/mole. The 
relation between the peak of the curve and AF°® varies with the value 
of AF°(*) but the two are never far apart. When AF is very different 
from AF°, the total amount of work obtainable falls off considerably. 
Thus, in a closed system (that is, a chemical reaction producing energy 
but not having its stores of chemicals replenished) it will not be 
practical to operate far from AF®. 

A reaction operating as an open system (i.e. exchanging both energy 
and matter with its environment) will not be so much affected by this 
restriction, especially if it is in a steady state; when the value of n 
will not alter even though reaction is proceeding. However, even in a 
steady state it may be difficult to work far from AF°. In order that 
the rates of the consecutive reactions should remain equal, as they 
must do to maintain the steady state, the differences between the AF 
values of successive reactions must remain constant. This will be 
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hard to arrange if one of the reactions is operating far from its AF°; 
for, as Fig. 3 shows, AF will become extremely sensitive to the con- 
centration ratio. The slightest variation from the steady state will 
therefore cause this particular reaction to speed up or stop. However, 
the change will be in the ‘“‘regulating” direction, and it is not obvious 
without further analysis that this extreme sensitivity will be a practical 
drawback. A metabolic pathway, considered as a whole, is an open 
system, but parts of it may operate for appreciable periods of time 
as closed systems. This is notably the case in muscle. In order to 
obtain a high rate of performance of mechanical work, the initial 
processes can considerably outstrip the recovery processes. The 
former thus act as almost completely closed systems during activity 
and use up their stores of reactants. Only the later parts of the path- 
way, concerned with replenishing these stores, are in anything 
approaching a steady state. 

Note that in performing calculations involving coupled processes, 
or chains of reactions, one can either consider individual reactions 
and their individual AF values, or the whole process and its net AF. 
The choice is one of convenience, but it is essential to be clear about 
which alternative has been adopted. 


VI. THe THERMODYNAMICS OF RATE PROCESSES 


Free Energy and the Speed of Chemical Reaction 
The free energy change, AF, drives chemical reactions (reversible 
ones) in the following sense: that when AF is 0 the process does 
not move, but when AF is made larger and larger the process moves 
faster and faster in the “‘same direction” as AF. The situation thus 
has some kinship with a number of others, such as the conduction of 
heat (propelled by a temperature difference) or of electricity (pro- 
pelled by an electromotive force). The exploration of this kinship, 
and its quantitative formulation, forms an important part of the 
subject-matter of a developing branch of thermodynamics—the 
thermodynamics of rate processes or of irreversible processes. For a 
succinct but comprehensive account see Prigogine (1955), from whom 
much that follows is derived. 

Consider our bimolecular reaction 


A+B=2C+D 


Both the rate of reaction and the free energy change, AF, can be 
calculated as functions of the degree of advancement, ; so they can 
be expressed as a function of each other. 
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Rate of Reaction, 
dn/dt = k'(a — n)? — n*k'/K 


where a is the original concentration, unity in our case, k’ is the 
forward rate constant, and K is the equilibrium constant. 


10 


amt 
dt 


(2) 


Rate of reoction, 


a 


=5 5 10 

AF/RT free energy 
Fig. 7. The dependence of rate of reaction upon the free energy 
change; calculated for three reactions with equilibrium constants 
1-0, 10-0 and 100-0. 


Free Energy Change, 
AF = RT log, K + RT log, (1 — n)?/n?) 


Note that AF is exactly the same as the affinity A in Prigogine’s 
notation. The resulting relationship between rate (expressed as 
(dn/dt)/k’) and free energy (expressed as AF/ RT), is shown in Fig. 7, 
for three different reactions with three different values of AK; 1-0, 
10-0 and 100-0. The corresponding values of AF®° are 0, 1380 and 
2760 cal/mole (7’ = 300°K). 

In each case there is a linear region near the origin, that is, near to 
the equilibrium point, where the rate is directly proportional to AF. 
On the other hand, at a distance from equilibrium, where the reaction 
mixture contains almost pure A and B, (or C and D), the rate becomes 
independent of the free energy change and entirely limited by the 
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rate constant k’ (or k’/K for the back reaction). This corresponds to a 
sort of “‘saturation effect’’. 

The curves in Fig. 7 can profitably be compared with the voltage— 
current curves of an electrical conductor, and they are no more 
curvilinear than those given by some real electrical systems. A 
“saturation” region is found when the number of charge carriers is 
limited by some external agency, as by light in a photocell; while in 
the linear region, Ohm’s law is obeyed. Accordingly, near to equili- 
brium the chemical reaction can be characterized by a “‘chemical 
conductance” which is the chemical analogue of electrical conductance. 
Thus rate dnx/dt = AF x (chemical conductance) is the analogue 
of Ohm’s law, J = E x (1/R). The analogy is not merely formal. 
The products (dn/dt) x AF and I x E have in both cases the dimen- 
sions of power: both of them measure the rate at which free energy is 
being degraded into heat. And in both cases it is clear that this 
degradation is the essential price that has to be paid in order to drive 
the process along at a finite rate. 

The numerical value of the chemical conductance (the slope of the 
lines in Fig. 7 as they pass through the origin) is directly proportional 
to the rate at which reactants and products are exchanging with one 
another at equilibrium; that is, to either the forward or backward 
partial rate. The appropriate values in Fig. 7 are 0-25k’, 0-057k' 
and 0-008k’. The higher the value of K or AF°, the smaller is the 
chemical conductance for a given value of k’. 

In addition to free energy and chemical rate, and electrical voltage 
and current, there are many other pairs of “driving forces’ and 
resultant “‘fluxes’” whose products have the dimensions of power 
dissipated; e.g. mechanical force and velocity, or pressure and volume 
flow, in systems containing friction or viscosity. It is only when 
problems of heat flow arise that this simple scheme of analogies breaks 
down, for although temperature difference drives heat flow, the 
product of these two variables does not have the dimensions of power 
(heat flow, cal/sec, is a power by itself). 


Energy Changes During Heat Flow 


For a moment we shall deviate from one of the conditions laid down 
at the beginning of this article, and shall consider a system that is not 
at uniform temperature (see Fig. 8) but is conducting heat, Q calories, 
from a higher temperature 7'3 to a lower one, 7’%. 

The situation can be analysed in two slightly different, but equiva- 
lent ways: 

(1) As work dissipation. The first of them is exactly similar to the 
reasoning that has been used already in connexion with chemical 
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reaction. Heat flow, as it ordinarily takes place, is an irreversible 
process which does not yield any useful external work. However, 
the flow can be constrained by a suitable device, a heat engine, so 
that it does yield external work. In ‘‘payment’’ for this, the heat flow 
is slowed down. Even at the limit, when the constraint is perfectly 
effective and the heat conduction infinitely slow, (reversible conditions) 
only a certain fraction of the heat is converted into work, as shown in 


Q > irreversible heat conduction 


q reversible heat conduction. 
Under any conditionsg + W =Q 
Ts 
Fig. 8. The flow of heat from a higher temperature T'} to a lower, 
T$, with and without the performance of work. 


the lower line of Fig. 8. According to Carnot’s theorem, the size of 
this fraction is entirely determined by the temperatures 7’, and 7’. 


WmaxlQ = (T, — .(16) 


Wnax/Q@ has several properties that are similar to those of the free 
energy Change AF in a chemical reaction. Both are equal to the actual 
external work done under reversible conditions per calorie moved, 
or per mole of reaction respectively. Under the completely irreversible 
conditions of ordinary heat flow, W,,,,x, like AF, can be considered as 
the (potential) work that has been degraded into heat in order to 
drive the process forward at a reasonable speed. 
Thus, power dissipated 


— AF. (dn/dt) chemical reaction 
or = (dQ/dt) heat flow 


i.e. Wyyax/Q is the appropriate driving force or intensity factor which, 
when multiplied by the heat flow, gives the rate of dissipation of work. 
We could call it the “thermal free energy”, but it should be noted 
that while free energy is a function of state, W,,,,/Q is not, so the 
analogy cannot be pushed too far. It is probably safer to confine 
the term ‘‘free energy” entirely to systems at uniform temperature. 
During any type of heat conduction, the work lost as heat that might 
in principle have been obtained as work is: 


(1 é) = (1 — e)(7', 


where the coupling efficiency, « = (work done)/W,,,,, has a value 
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from 0 (completely irreversible conduction) to 1:0 (completely 
reversible conduction). The ‘‘work lost’? thus has the character 
intuitively required of a driving force, becoming 0 under conditions 
(7, = T,) or external work = W,,,, when there is no flux. Newton’s 
law of cooling is the form of it that is suitable for heat conduction over 
small temperature ranges, where (7’, — T;) < T,. Direct application 
of equation (16) shows how great must be the internal temperature 
differences for muscle to function as a heat engine. In order to 
achieve the measured value (work)/(work + heat) = 0-4, the hot 
points must be maintained continuously at 200-250°C; while if the 
heating at each point is intermittent, the high temperature must be 
considerably higher. 

(2) As entropy production. The second way of looking at this 
question is in terms of entropy production rather than of the dissipa- 
tion of work into heat. Using the same symbols as in Fig. 8, and con- 
sidering only irreversible heat flow, entropy production, 


AS’ = Q/T, — Q/T. 


so, rate of entropy production, 


dS’ /dt = (dQ/dt) ((7, — .(18) 


This equation also can be expressed in terms of work dissipated since 


work dissipated = 7’, . AS’ 


rate of dissipation = 7’, . dS’/df 


Inserting equation (18) 


rate of dissipation = (dQ/dt) ((7’, — 7,)/T.) 


which is exactly the same as a combination of equations (16) and 
(17), and is evidently describing the same situation in a slightly 
different way. Note that although 7, is an intensity factor, and 
dS'/dt is the rate of change of a capacity factor, and their product has 
the dimensions of a power, they do not qualify as “‘forces’’ and 
“fluxes” in the system of analogies outlined above. Neither the heat 
flow nor the entropy production is driven by the absolute temperature 
at one side of the system: dS’/dt is the rate at which entropy is 
created, not that at which it flows through the system (see also the 
discussion on page 273). Thus, if the “entropic” approach to the 
problem is adopted, and it is desired to retain the idea of forces and 
fluxes, it is necessary to re-define them so that their product is the 
rate of entropy production, rather than the rate of dissipation of work. 
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The fluxes can remain unchanged if each force is divided by an 
appropriate temperature; thus 


AF AF/T (chemical) 
electromotive force —e.m.f./7' (electrical) 
W max!Q Wrax/Q. 7, (thermal) 


This second approach seems to have been universally adopted in 
studies made recently in the thermodynamics of irreversible processes. 
However, the first approach propounded above seems to me to have 
much to commend it. It uses familiar units and concrete concepts 
and also permits direct analogies to be made between one actual 
system and another. On the other hand, entropy is attractive because 
it has an independent correlation with the state of molecular disorder 
of the matter that is participating. The best thing is to use whichever 
approach is better suited to the practical purpose in hand, and always 
to be aware of the close relation between them. 


Deductions and Conclusions 


A number of useful conclusions about rate processes have already 
been arrived at. Derivations or references are given by Prigogine 
(1955) and will not be repeated here. 

1. It will be recalled from Fig. 7 that in a chemical reaction the 
relation between AF, the driving force or affinity, and the velocity 
of reaction, becomes very non-linear if the affinity is at all large. 
However, if the reaction proceeds in a number of discrete steps it can 
be shown that each step, and thus the whole process, will tend to follow 
linear laws even when the net affinity for the whole process is quite 
large. This makes mathematical formulation and calculation very 
much easier. 

2. No matter what the initial conditions are, a system of r sequen- 
tial reactions can only cross its final equilibrium position (r — 1) 
times at the most, so sustained oscillation is impossible with a finite 
number of reactions. 

3. Since oscillations cannot be maintained, the system must tend 
to settle down to a stationary state, in which the amounts and con- 
centrations of the various reactants remain constant even although 
the reaction is proceeding, since each individual reaction is proceeding 
at the same rate. This rate is determined by the net affinity of the 
whole process. The concentrations of the various individual reactants 
must have adjusted themselves so that, for each one, the product 


Chemical conductance » affinity (AF) 
is the same. 
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4. The stationary state is also the one in which the system has the 
lowest possible rate of work dissipation, or of entropy production 
(dS’/dt) for a given value of the total affinity. This is closely analogous 
to the ordinary condition of equilibrium, which is characterized 
by a minimum content of work for a given value of the impressed 
force. 

5. A combination of 4 and 3 shows that a system will always 
tend to alter spontaneously in such a way as to reduce its energy 
dissipation, or entropy production, to a minimum. The stationary 
state is thus intrinsically stable so long as the net affinity of the whole 
process remains constant. Moreover, if the net affinity is altered, for 
example by obliging the system to perform external work as well as 
merely to keep itself running, the system will spontaneously adjust 
itself to the new situation. The analogy with the behaviour of a living 
creature is obvious, and important. 

6. Finally, there is a whole group of conclusions based on Onsager’s 
reciprocity theorem, and concerned with the interference or coupling 
between otherwise irreversible processes e.g. between heat flow and 
electric current (thermoelectric effect), or between diffusion and 
chemical reaction. 

It seems to me that one of the major achievements of these studies 
of rate processes has been to reveal the close similarity that exists 
between systems of altogether different physical constitution, e.g. 
between a biochemical system of reactions and an electric circuit. 
One advantage of this is that each individual can, within limits, think 
in terms of the variables that he is most at home with. Moreover, 
conclusions that may be reached only with difficulty about one type 
of system, may be seen to be quite familiar in relation to another type. 
For instance, it is well known that when a constant voltage is applied 
to a passive electrical network, sustained oscillations are impossible, 
and the currents in every part of the network soon settle down to 
steady values (compare with conclusions 2 and 3 above). On the 
other hand, it is not well known that the power dissipated will be a 
minimum when the currents have become steady (see conclusions 
4 and 5) though this seems reasonable once it has been pointed out. 
It might be profitable to look for further analogies e.g. is it true that 
when two chemical reactions are coupled, the best power transfer is 
obtained when they both have the same chemical conductance? 
(Compare with the matching of source and load impedances in 
electric circuits.) 

Purely mathematical analysis of chemical reactions rapidly becomes 
very cumbersome as the number of reactants is increased, especially 
if non-linearities are taken into account as they should be, and if the 
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total affinity is also allowed to vary. This situation may best be 


studied by constructing an electrical model, since suitable non- 
linear circuit elements are available. The behaviour of the model 
can then be studied when various parameters are systematically 
altered. 


VII. ConcLuSIONS AND SPECULATIONS 


Interpretation of Heat Measurements Summarized 


It has become clear during the course of this discussion that heat 
measurements by themselves, or combined with work measurements, 
cannot yield quantitative information about the underlying chemical 
changes. In order to make such an interpretation, it is essential to 
have, or to assume, chemical and thermochemical information in 
addition. This information is of three kinds: 

1. The number of different chemical reactions going on simul- 
taneously; 

2. The number of moles, n, of each reaction that have taken place 
up to the moment in question, and 

3. The heat of reaction, AH, of each. 

If the heat and work up to the same moment have been measured, 
then one unknown can be determined—a heat of reaction, a number 
of moles, or the fact that not all the participating reactions have been 
identified. 

The situation soon gets out of control if the number of reactions is 
large, so experimental procedures should aim at simplifying the 
chemistry by metabolic inhibitors, and by choosing moments at 
which one particular reaction predominates. In the absence of infor- 
mation, it is necessary to make assumptions, such as, that all the 
spontaneous reactions are exothermic, or that the same process that 
goes forward during muscular shortening goes backwards during 
forced lengthening. The chief danger with arbitrary assumptions of 
this kind is not that they may be wrong, but that they may be made 
unconsciously. 

If the question is one of efficiency, rather than of the quantity of 
chemical reaction, the situation is a little easier, since it suffices to 
know the ratio AF/AH = Y, without knowing the actual value 
either of the free energy change or of the heat of reaction. 

Thermodynamic quantities. Considering the importance of the 
thermodynamic quantities for this purpose, there seems to be a 
surprising lack of them in the literature. Biochemists are mainly 
interested in the question whether a given reaction can go sponta- 
neously or not, so unfortunately the tables that do give values of AF 
(e.g. Burton and Krebs, 1953) usually do not accompany them with 
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the corresponding values of AH. In the cases where both AF and 
AH are given (e.g. Oesper, 1951), it is not certain that the conditions 
were the same for both measurements and were appropriate for 
conditions inside a tissue. The heat of reaction, AH, has the advantage 
that it does not vary with concentration in the way that the free 
energy, AF does. However, this variation may not be as serious as at 
first sight appears, since there are reasons for thinking that a reaction 
cannot operate far from its AF° value in closed, or intermittently 
operating, parts of the biochemical system. 


The Engineering of Biochemical Processes 


Given a collection of chemical substances, thermodynamic methods 
make it possible to say that a large number of reactions between 
them are impossible. Unfortunately, the number of possible reactions 
is often still huge, and thermodynamics does nothing to predict which 
of them will actually occur under given circumstances. Nevertheless, 
thermodynamics does give some insight into the way in which bio- 
chemical processes are engineered; it tells us some of the necessities 
which have dictated that they must be as they are, and shows some of 
the compromises that have had to be made in order to evolve an 
optimal design. 

Speed and waste. Waste of free energy is the inevitable accompani- 
ment of speed, so in the interests of economy, fast processes can be 
used only where they are absolutely essential, for example, in the 
actual contractile process in a muscle. 

It may be questioned to what degree thermodynamic efficiency is 
important to an animal. If the animal does not waste anything, it 
will get nothing done; so it appears that there is much to be said for 
having a high turnover, with a high level both of waste and of achieve- 
ment. This is what warm-blooded animals do, and since they are the 
most effective and adaptable group of animals, their extravagance is 
evidently a practical proposition. Moreover, the free energy that is 
degraded is not really wasted, since it helps these animals to maintain 
a high body temperature. Nevertheless, the thermodynamic efficiency 
is still a quantity of vital significance to them. Of two animals with 
the same high level of energy turnover, the more efficient will also be 
the more powerful and the better adapted to withstand varying 
environmental temperatures. A higher proportion of its muscle will be 
available to act on the environment since less will be devoted to 
internal services such as circulation and respiration. 

Matching of free energy changes. Biochemical processes always 
seem to consist of complex chains of reactions, and it is reasonable 
to ask what useful purpose this serves. Why need there be so many 
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intermediary reactions between the oxidation of glycogen and the 
synthesis of ATP? (The latter appears to be the current coin used 
by most effector processes, such as light emission, muscular contrac- 
tion and many synthetic processes). In part the reason must be an 
energetic one. The oxidation has a AF° = 700 keal/mole but for 
ATP synthesis, AF° = —8 keal/mole. If waste is to be avoided in 
coupled reactions, their AF values must be matched. Thus if oxida- 
tion and ATP synthesis were to be linked directly and efficiently, the 
concentration ratio (ATP)/(ADP) would have to be adjusted so that 
AF, made up the difference. For this to happen, the ratio would have 
to be 105, or one molecule of ADP in more than 10? moles of ATP. 
This is clearly impossible; and in fact it seems that it is never prac- 
ticable to work with a reaction whose AF is far from its AF°. If this 
is so, then the metabolic chain must be composed of a series of 
reactions whose AF® values allow 700 kcal/mole to be parcelled up 
into 8 keal/mole blocks without serious mismatch and waste at any 
stage. 

Enzymes. Control over this process seems to be exercised by 
arranging that none of the thermodynamically possible reactions can 
actually take place at a finite rate in the absence of a catalyst. Selected 
reactions are then promoted by supplying the appropriate enzymes. 
It is not known whether it is possible in principle to make enzymes 
to catalyse any chosen reaction, or whether they can only be made for 
certain types of reaction. If the latter, then the metabolic chain must 
satisfy not only the energetic requirements already mentioned, but 
it must be capable of being channelled by means of possible enzymes. 

Although an enzyme cannot increase the amount of energy ob- 
tained from a given chemical reaction, it can enormously increase the 
efficiency with which the energy is obtained. The effect of the enzyme 
is to raise the chemical conductance and thus to permit a given rate of 
energy production with a lower dissipation of free energy. 

Coupling. One of the fundamental problems of molecular biology 
is to understand what, at molecular level, is the nature of the constraint 
which is the essential feature of coupling, and which prevents the 
reaction from merely running downhill without doing anything useful. 
In some purely chemical cases, the constraint may simply be the fact 
that certain reactions are forbidden. For example, in the Lohmann 
reaction (see Bray and White, 1957, p. 134; also Vernon, C. A., 1957, 
private communication), 


CrP + ADP = Cr + ATP 


the one reaction that must not, and does not, occur if reasonable 
yields of ATP are to be obtained is the hydrolysis of CrP. 
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In coupled chemical reactions, the participants normally share 
atoms; but this is not necessarily the case. The chemical coupling 
could be through the flow of electrons, in the same way that one 
storage battery may be used to charge another. 

Slow metabolic processes are probably near to equilibrium, but 
it is important to realise that this is a constrained equilibrium, in 
which the concentrations of the reactants are not those set by the 
ordinary equilibrium constants. It is only after death that the latter 
type of equilibrium tends to set in. 

Free energy and food. From the thermodynamic point of view, 
the function of a living creature is to obtain in its food some selected, 
mostly simple, molecules and a lot of free energy. With these it can 
build up any of the complex and improbable molecules that are 
characteristic of living matter. Improbable molecules are molecules 
of low entropy and it is noteworthy (see Table 1, 7) that when native 
proteins are denatured, there is a large increase in entropy. 

In the example given there (reversible denaturation of a globulin), 
AF = +111°3 kcal/mole, AH = +57°3 kcal/mole and 7’. AS (27°C) = 
—54 keal/mole. The reversed process of denaturation can be 
regarded as the last stage in building up the native protein from its 
constituent amino-acids in the course of growth. In order to do this, 
111-3 keal/mole of free energy must be supplied. Much of this energy, 
54 kcal/mole, comes out again as heat; that is, in a form in which it 
cannot be put to further use, and only 57-3 kcal/mole remains in the 
protein. This illustrates the free energy cost of building up highly 
ordered molecules during growth. Note that the entropy of the uni- 
verse either remains constant, or increases, during the process. 

It is puzzling that Schroedinger (1944, see also Bray and White 
1957, p. 65) should have stated that living organisms feed on ‘negative 
entropy’, i.e. on substances of low entropy, rather than on substances 
that yield free energy; for we have just seen how material of low 
entropy can be built up by the organism, so long as free energy is 
available, without disobeying any thermodynamic law. In fact, 
animals need not, and plants and autotrophic bacteria do not, seek 
out materials of low entropy for their nourishment. Maxwell’s 
demon apparently needs a supply of negative entropy in order to 
function (Brillouin, 1951), but he is probably the only creature that 
does. 
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RECENT INVESTIGATIONS 
ON TOBACCO MOSAIC VIRUS 


Alfred Gierer 


I. IntTRODUCTION 


SMALL viruses are definite molecular compounds accessible to detailed 
structural investigation. At the same time, they possess some 
properties that are closely related to fundamental processes of the 
living cell. Aside from its inherent interest, virus research may be 
expected to make significant contributions to our understanding of 
the molecular basis of cellular biology. 

The multiplication of a virus in the host cell involves the production 
of its specific nucleic acid and protein components. The host range of 
each species of viruses is limited; therefore specific features of the 
host cells, probably of a biochemical nature, are involved in the 
mechanism of infection. However, these do not determine the course 
of virus production, because many different virus strains can induce 
their own reproduction within the same type of cell. It is likely that 
virus multiplication involves steps of identical molecular reduplica- 
tion, and that some structural feature carries the genetic characteristics 
of the virus. Thus viruses may serve as models with which to 
study problems of a general nature such as the structure of specific 
nucleic acids and proteins and their interrelation, the function of these 
macromolecules in processes of molecular reproduction, and the 
production of specific nucleic acids and proteins by the cell. 

Unfortunately, there is no ideal virus that is equally well suited 
for all these studies. For quantitative biological work with animal 
viruses, the development of tissue culture techniques has proved a 
system with unique advantages. Also work with cell free systems 
derived from animal tissues should be promising. However, animal 
viruses are difficult to purify in large amounts for structural investi- 
gations. On the other hand, some plant viruses which are poor models 
for certain types of biological studies can be purified with relative 
ease in amounts sufficient for most chemical and physico-chemical 
studies on their structure. 

This article is chiefly concerned with tobacco mosaic virus (TMV) 
the first virus to be isolated (Stanley, 1935) and one of the viruses 
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which has been most thoroughly investigated. It is a rod-like particle, 
3000 A in length and 150 A in mean diameter, and consists of ribo- 
nucleic acid (RNA) and protein. To the molecular weight of about 
40 million, 2 million are contributed by the nucleic acid and 38 
million by the protein component. From 1 kg of infected tobacco 
leaves one may obtain several grams of purified virus material. 
Under usual conditions of infection approximately one out of a 
million virus particles has a chance to initiate an infection. In some 
plant species the viruses multiply to infect eventually the whole 
plant; in others the infection is confined to a local region around the 
cell which was primarily infected. In the latter case the number of 
necrotic lesions is often used as a convenient measure of the infectivity 
of the virus material. 

Recent studies of the virus and its isolated protein and nucleic 
acid components have revealed some interesting and surprisingly 
simple gross features of their structure; our knowledge is expected to 
become refined in the course of the next years. Withrespect tofunction, 
the primary role of the ribonucleic acid in initiating and determining 
the infective processes has evolved from the experiments. 

In the following sections, the structure of the nucleic acid and 
protein components, their arrangement in the virus particle, and 
their relation to the function of the virus are discussed. A systematic 


rather than chronological order is pursued and no attempt is made to 
cover the field completely. Detailed information has been confined to 
certain aspects, and emphasis has been placed on quantitative data. 
In this manner, it is hoped that the reader's own judgement will be 
facilitated, particularly concerning those deductions which involve 
postulates of plausibility and simplicity, as well as experimental 
facts. 


Il. StructuRE OF THE [SOLATED RIBONUCLEIC ACID 


1. Chemical Structure and Composition 
The amount of nucleic acid in a virus particle is given by the molecular 
weight of the virus, 40 x 10° (see Section IV, 5) and the fraction of 
nucleic acid contained in it that has been determined by various 
methods to be 5-2-6 per cent. The whole RNA content thus corre- 
sponds to a molecular weight of 2-2 x 10° and consists of about 6400 
nucleotides. 

The four types of bases occur in the RNA according to the following 
molar base ratios (e.g. Knight, 1952): 


adenine: 0-28 guanine: 0-26 cytosine: 0-20 uracil: 0-26 
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These ratios show no obvious regularities, especially not those 
characteristic for the composition of desoxyribonucleic acid. 

The chemical structure of the RNA is defined by the sequential 
arrangement of the 6400 nucleotides forming one or several RNA 
strands. A sequence analysis has not been possible thus far. 

However, degradation of RNA by pancreatic ribonuclease because 
of the specificity of this enzyme, renders some information on the 
sequence. After completion of the reaction the products are of the 
type; 

(Pu),Py (Pu = purine nucleotide, 
Py = pyrimidine nucleotide, = 0, 1, 2,...) 

In particular, the fraction of a monopyrimidine (nm = 0) in relation 
to the total content of this pyrimidine in the RNA is equal to the 
probability that a given pyrimidine is preceded by another pyrimidine 
in the polynucleotide chain. If the pyrimidines tended to cluster in 
groups, this probability would be close to 1; if they tended to alternate 
with purines, it would be close to 0. If a large variety of sequences 
existed, however, one would expect a nearly statistical distribution, 
where the probability is the sum of the molar fractions of cytosine 
and uracil, 0-46. The ratio determined experimentally is between 0-4 
and 0-5 for all byt one strain (Reddi, 1957). Sequences with a large 
value of n(n > 6) have been detected and separated (Reddi and 
Knight, 1956), and their composition was found to agree with a 
statistical distribution (Hart, 1957). This work shows that a large 
variety of nucleotide sequences occurs in the RNA. 

Studies on the products of degradation of RNA obtained under 
other conditions suggest that preferred points of cleavage exist in the 
RNA (Cheo, Friesen and Sinsheimer, 1959). These investigations 
might reveal some properties of the nucleotide arrangement or of rare 
chemical features that might occur in the RNA. 


2. The Problem of Physical Subunits 


While the biological function of the 6400 nucleotides, and of their 
functional subunits, will be detected only by chemical methods, the 
possibility that the RNA is composed of physically distinct subunits 
must be considered also. Individual polynucleotide chains might 
either be linked together by the virus protein, or they may be held 
together by hydrogen bonds or salt linkages. The existence of such 
subunits was repeatedly discussed on the basis of earlier work where 
RNA of lower molecular weight was isolated from the virus (e.g. 
Cohen and Stanley, 1942). However, it is known that RNA of high 
molecular weight is unstable, and mechanisms involving heavy metal 
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ions, protein or other contaminants appear to enhance degradation. 
It is therefore understandable that one often obtains smaller products. 
Statistical breakdown products of RNA such as those obtained with 
ribonuclease show up in a relatively narrow region of the sedimentation 
diagram, because the sedimentation constant increases only as the 0-45 
power of the molecular weight (see II, 3). This property might easily 
be misinterpreted as indicating homogeneity, but homogeneous 
RNA would exhibit a much steeper peak in view of the low diffusion 
constant of the nucleic acid. 

More recently, isolated RNA with a molecular weight of the order of 
the total content of a virus molecule has been described. A molecular 
weight of 1-7 x 10° was measured for RNA isolated by a modification 
of the procedure of Cohen and Stanley (Northrop and Sinsheimer, 
1954; Hopkins and Sinsheimer, 1955). A mean molecular weight 
around 10° was found for phenol-prepared RNA (Schuster, Schramm 
und Zillig, 1956). It may be concluded that the RNA core forms a 
molecule in itself and is not merely held together by the protein shell 
of the virus particle. 


3. The Isolated Ribonucleic Acid Molecule 


If care is taken to avoid the decay of the nucleic acid during or after 
the isolation procedure, one can obtain the isolated RNA in a bio- 
logically active form. The protein shell can be separated with phenol 
(Gierer and Schramm, 1956a,b), detergent (Fraenkel-Conrat, Singer and 
Williams, 1957b) or heat treatment (Boedtker, 1959). The evidence 
for this conclusion will be discussed in Chapter V; but the fact itself 
is relevant at this point, because the biological activity may be taken 
as an indication of the undegraded state of the RNA. 

The physical structure of such active RNA prepared by the phenol 
method has been studied by Gierer (1957, 1958a). In the preparations 
one finds, apart from smaller polydisperse degraded products, a well 
defined, high molecular weight RNA which shows up in the sedimen- 
tation diagram as a distinct gradient. The gradient is much sharper 
than that of random breakdown products obtained by the action of 
ribonuclease; this indicates that the RNA has a high degree of homo- 
geneity, as it has not been observed with inactive RNA. The sedi- 
mentation constant is about 31 Svedberg units. To calculate the 
molecular weight, one has to use a second parameter. The intrinsic 
viscosity was adopted as such and was measured to be 110 in dimen- 
sionless units (65 em3/g). If this were the contribution of the homo- 
geneous RNA solely, one would arrive at a molecular weight of 1-7 x 
10°. Actually, the intrinsic viscosity of the pure homogeneous com- 
ponent must be higher than that of the bulk RNA which consists in 
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part of degraded products. To determine its value the relation 
between molecular weight, sedimentation constant and viscosity for 
RNA was studied with preparations of various mean molecular 
weights, obtained by controlled degradation with ribonuclease. In 
this way the general relation between molecular weight and sedi- 
mentation constant was found to be 


m = 1100 


(s in Svedberg units, extrapolated to infinite dilution at 5°C, corrected 
for 20°C, in 0-02 m phosphate pH 7). With s = 31, one obtains the 
corrected value of 2-1 x 10° for the molecular weight of the homo- 
geneous RNA. It corresponds to the entire RNA content of the virus 
particle (Gierer, 1957). This value for the molecular weight was 
confirmed by light scattering for active RNA prepared by heat 
treatment (Boedtker, 1959). 

Information regarding the shape of the molecule in solution obtained 
from the relation between mean molecular weight, sedimentation 
constant and intrinsic viscosity mentioned above suggests a moder- 
ately coiled structure. The dimensions of the RNA coil are best 
obtained by light scattering measurements. One finds a remarkably 
small radius of gyration of about 400 A units (Hopkins and Sinsheimer, 
1955; Boedtker, 1959). Thus RNA forms a much more flexible 
molecule than DNA. 


4. Internal Structure of the Ribonucleic Acid 


A basic structural feature of molecules such as the nucleic acids is the 
number of strands that are aligned around each other to give the 
fibrous molecule. In the case of DNA, X-ray analysis has revealed 
that two strands of nucleotides are wound round each other, bound 
together by strong hydrogen linkages (Watson and Crick, 1953; 
Wilkins, Stokes and Wilson, 1953). The X-ray diagrams of RNA 
fibres do not allow conclusions to be drawn on the number of strands. 
There are, aside from more qualitative considerations, two quantitative 
methods to determine the number of strands, and these lead inde- 
pendently to the same conclusion. One of them, the X-ray diffraction 
study of the structure of the RNA inside the virus particle, will be 
discussed in Chapter IV. The other method is to analyze the kinetics 
of enzymatic degradation of isolated RNA. If several strands are 
wound around each other, an enzymatic split in one strand will lead 
to a disintegration of the molecule only if, by previous breakage, 
adjacent linkages in the other strands are already broken. There would 
therefore be an initial delay in the reduction of the mean molecular 
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weight, m, as a function of time of enzymatic degradation, ¢. One 
would expect a relation of the following type to hold 


— — — = const i" 
m Mo 


(my = mean molecular weight of undegraded molecules; n is related 
to the number of strands and should be greater than 1). 


1 1 
log ~ == n+ log (t) + const. 


m Ms 


Fig. 1. Kinetics of degradation of ribonucleic acid by ribonuclease. 
0-2 per cent RNA in 0:02 M phosphate of pH 7 is treated with 
1-5 x 10-® g/ml ribonuclease at 22°C, and the mean molecular 
weight is measured as function of time ¢ of treatment. According 
to equation (3), log {(1/m) — (1/my)} is plotted against log ¢ (my 
initial value of mean molecular weight). The slope is 1, indicating 
that 1/m increases linearly with time, as expected for a random 
splitting of a single-stranded structure (data from Gierer, 1957). 


In the case of DNA and RNA the intrinsic viscosity can be used to 
measure m. The analysis of Schumaker, Richards and Schachman 
(1956) leads to n = 1-5 for DNA as expected for its multi-stranded 
structure. In contrast to this finding, RNA is degraded without a lag 
phase and 1/m increases approximately linearly with time (Fig. 1). 
This means that single splits cause the molecules to disintegrate, i.e. 
the molecule is single-stranded. The conclusion depends on the 
plausible assumptions that the enzyme does not split several strands 
simultaneously, and that the RNA is not already in a state of high 
degradation at the start of the reaction. 
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To support the conclusion, one may standardize the enzyme to 
obtain the absolute number of bonds split by ribonuclease. This 
value may be correlated with the number of disintegrations as meas- 
ured by the decrease in the molecular weight. It is estimated in this 
way that every split causes disintegration in the case of RNA, as it is 
expected for a single strand. For the double-stranded DNA, for 
instance, only one out of 200 splits leads to a disintegration (Thomas, 


10 30 tmin 


Fig. 2. Optical properties of isolated RNA in 0-02 M phosphate 
pH 7 (Gierer, 1958a). Decrease of specific optical rotation [x] at 
546 my and increase ¢ of the ultraviolet absorption at 260 my, 
given as per cent increase above the original value, in the course 
of degradation by ribonuclease (5 x 10-7 g/ml). After 7 min where 
[x] has decreased to half the original value, there is about one break 
per twenty nucleotides, as measured by titration and by 
sedimentation. 
fal 


xX 


1956). The evidence taken together shows that the gross features of 
the isolated RNA are those of a single chain of nucleotides (Gierer, 
1957; 1958a). 

The internal structure of the RNA is elucidated by studying its 
optical properties. The u.v. absorption at 260 my is 25 per cent lower, 
and the specific optical rotation about ten times higher (« = 210° at 
546 my) for high molecular RNA as compared with small polynucleo- 
tides. The range of molecular weight where the transition occurs 
corresponds to about 20 nucleotides (Fig. 2). The specific optical 
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rotation is reduced by 50% if only 5%, of the internucleotide bonds 
are broken. Therefore, the optical effect cannot be attributed to the 
terminal nucleotide, but rather is due to the physical interaction of 
larger groups of nucleotides in high molecular RNA. This suggests 
that the high molecular RNA shows some coiling or folding in solution 
that probably involves the formation of hydrogen bonds. 

The superstructure, however, is not to be considered as a native 
state of folding of the RNA that may be subjected to irreversible 
denaturation. It rather appears as an equilibrium state which is 
determined by the conditions of the medium, and changes reversibly 
with changes in the solute conditions. Lowering of the salt concen- 
tration and raising of the temperature lead to reversible expansion 
of the molecule in solution. Incubation with concentrated urea that 
is expected to break hydrogen bonds, causes no irreversible denatura- 
tion (Gierer, 1959). The u.v. absorption increases reversibly with 
increasing temperature, reflecting a reversible breakage of hydrogen 
bonds (Boedtker, 1959). It appears therefore that the linear sequence 
of the nucleotides is the main, if not the only, specific internal struc- 
tural feature of the RNA molecule in solution, while its shape and 
degree of hydrogen-bonding are defined by the medium. 


Ill. Structure or THE ISOLATED PROTEIN SUBUNITS 


The virus particle consists of several million atoms and most of 
them belong to its protein component. A structural analysis of a 
particle of this size appeared nearly impossible until it was discovered 
that the protein component consists of a large number of similar or 
equal subunits. 

Such subunits can be obtained in native form by alkaline treatment 
of TMV (Schramm, 1943; Schramm, 1947; Schramm and Zillig, 1955; 
Schramm, Schumacher and Zillig, 1955). The protein separates from 
the nucleic acid and may be purified by precipitation or electro- 
phoresis. At pH 10, one obtains protein units with a molecular weight 
of 90,000, corresponding to 1/400 of the total virus protein. These 
small protein particles reaggregate at acid pH values (around 6) to 
rod-like particles that resemble closely the intact TMV (Fig. 3). This 
shows that the characteristic rod-like shape of the virus is an 
aggregation property of the individual protein subunits. They are 
native in the sense that the specific shape and surface structure on 
which the aggregation depends are not lost upon isolation. Both their 
physical properties as shown by sedimentation and electrophoresis, 
and their reaggregation into uniform rods suggest that the subunits 
are similar. 
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The existence of subunits is also established by an increasing 
amount of chemical evidence. Threonine is the only C-terminal 
group of the polypeptide chains, and the amount of threonine residues 
released by carboxypeptidase gives the molecular weight of the 
smallest chemical subunits. One finds one terminal group per mole- 
cwar weight of 17,000 (Harris and Knight, 1952, 1955). This result 
is in accordance with other chemical evidence. It implies that the 


TABLE | 


Approximate Number of Amino-acid Residues in the Protein Subunit 
of TMV, on the Basis of the Analysis by Ramachandran (1958) 
and a Molecular Weight of 17,000 for the Subunit 


Aspartic acid 4+ asparagine | 18 | isoLeucine | 8 
Threonine 16 Leucine 12 
Serine 17. | Tyrosine 4 
Proline 8 | Phenylalanine 8 
Glutamic acid + glutamine | 16 Lysine 2 
Glycine 6 | Arginine 10 
Alanine 14 Tryptophane 2 
Valine 13 Cysteine 1 


smallest subunit is made up of about 155 amino acids. The most 
probable amino-acid composition is given in Table 1; minor correc- 
tions are to be expected. 

In the determination of the structure of the protein units one may 
distinguish between the sequence of the 155 amino acids, and the three 
dimensional arrangement of this sequence to make up the structure 
of the native protein. 

For TMV, the sequence of six C-terminal amino acids has been 
published (Niu and Fraenkel-Conrat, 1955; Braunitzer, 1955). The 
N-terminal group is not free. According to recent evidence it is 
serine which is substituted by an acetyl group at the terminal 
nitrogen, followed by tyrosine in the polypeptide-chain (Narita, 1958). 

Ultimate success in finding the amino-acid sequence cannot be 
expected by an analysis of the entire sequence starting from one end of 
the chain. Rather, one has to produce non-random fragments and to 
analyze their sequence, separately. Proteolytic enzymes, because of 
their specificity, cleave polypeptides into a number of defined frag- 
ments, e.g. trypsin splits at positions involving carboxyl groups of 
arginine and lysine residues. Other methods of splitting render 
different fragments. By studying overlapping sequences of various 
sets of fragments one expects to determine the position of the fragment 


VOL 
lo 
196 


Klectron micrograph of tobacco mosaic virus. 1 : 30,000 
(Schramm and Zillig, 1955). 


Fig. 3b. Electron micrograph of reaggregated TMV protein. 
1 : 30,000 (Schramm and Zillig, 1955). 


Fig. 4. X-ray diffraction pattern of TMV (Franklin and Holmes, 

1958); m is the meridian, e the equator. The numbers indicate 

layer lines referred to in the text. The distance of layer lines 

corresponds to an axial repeat period of 69 A. Strong reflections 

on the third and sixth layer line are off-meridional, indicating that 
the structure is helical, the pitch of the helix being 23 A. 


X-ray diffraction pattern of reaggregated virus protein, 


Fig. 5. 
showing similar basic features of the helical structure as that of the 


virus itself (Fig. 4). (Franklin 1955.) 
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in the intact subunit. This type of work is proceeding both in Tiibingen 
and Berkeley, and is expected to elucidate the complete amino-acid 
sequence. At present, the available data conform with the concept 
that the subunits are identical. 

Detailed information on the three dimensional arrangement of the 
polypeptide chain can only be obtained by X-ray analysis and this 
will be discussed in the next chapter. 


IV. SrrRucTURE OF THE VIRUS PARTICLE 


1. Arrangement of Protein Subunits 


X-ray analysis of orientated TMV preparations revealed that the 
arrangement of the protein subunits in the virus is helical (Watson, 
1954). The structure was investigated in detail by Franklin and her 
co-workers, and by Caspar. Their results are of basic importance and 
will be discussed in some detail. Fig. 4 represents a diffraction picture 
of an oriented preparation of TMV taken with the monochromatic 
beam of X-rays incident perpendicularly to the axis of the TMV 
particles. The direction of diffraction m parallel to the axis is called 
the meridian, the perpendicular direction ¢, is the equator. As always 
in diffraction phenomena, the distances on the object are related to 
that on the diffraction photograph in a reciprocal manner. 

The diffraction pattern is of the type that is characteristic for 
helical structures (Cochran, Crick and Vand, 1952). The dominating 
features are the strong reflections determined by the regular repeat 
distance of successive turns in a direction determined by the ascending 
angle of the helix. Meridional reflections are absent except on the 
equator and at large angles that correspond to the axial period of the 
subunits. This characteristic feature was also detected in reaggregated 
protein, confirming the concept that the aggregation is determined by 
the protein subunits (Franklin, 1955; Fig. 5). The spacing of the 
layer lines with the strong off-meridional reflections corresponds to a 
pitch of the helix of 23 A. These strong reflections are on every third 
layer line. The true axial repeat period with an integral number of 
subunits is given by the distance of the weaker layer lines in between 
and is 3 turns of the helix or 69 A. It may be shown that there are 
k = 3n + 1 (rather than 3n + 2) subunits per turn, » being an 
integral number. 

To count the number of subunits per repeat period, mercury was 
substituted in the TMV protein. One detects one mercury atom per 
subunit, apparently at equivalent positions on a radius r. Projected 
down the axis the mercury atoms give k points on a ring with the 
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radius r from the centre (Fig. 6). Such a projection of the density 
down the axis is measured in the X-ray diagram by the equatorial 
reflections where all atoms contribute independent of their position 
in the axial direction. 

A comparison of the diffraction patterns with and without mercury 
substitution shows two regions of the equator where the intensities 
differ significantly. One, at low angles, is characteristic for the radius r 


er ‘ 
Fig. 6. Count of the protein subunits in TMV (Franklin and 
Holmes, 1956). One mercury atom is attached to each subunit at 
equivalent positions. The axial repeat period being three turns of 
the helix, the projection of the mercury atoms parallel to the axis 
gives k equidistant points on a circle, k being the number of 
subunits in three turns. Comparison of the equatorial part of the 
diffraction pattern with and without mercury gives the two charac- 
teristic distances r and / of this arrangement, leading to the number 
of subunits / in three turns. 


of the circle on which the mercury atoms are substituted, and another 
one, at high angles, is related to the distance / between neighboring 
mercury atoms in the circle (Fig. 6). The relation between the two 
distances gives the number of subunits ’ in three turns. It turns out 
that there is a helical array of k = 49 subunits for every 69 A of the 
length of the virus (Franklin and Holmes, 1956; 1958). 


2. Distribution of Matter in the Virus Particle 

X-ray investigation may be expected to reveal detailed structural 
features of the subunits themselves. By means of isomorphous metal 
replacements such as the mercury compound just mentioned, one may 
determine phases as well as amplitudes of diffraction in order to 
calculate density distributions. Work along these lines has recently 
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elucidated the structure of myoglobin (Kendrew, Bodo, Dintzis, 
Parrish, Wyckoff and Phillips, 1958). The case of TMV is different in 
that the oriented specimens are not true crystals, and that the regu- 
larity of a helical arrangement of the subunits requires a special 
theoretical approach. 


—— 
—-- TMV PROTEIN | 


DENSITY 


RaDius 
Fig. 7. Radial density distribution of tobacco mosaic virus and 
aggregated virus protein. The baseline represents the density of 
the medium. The virus is a hollow cylinder with matter extending 
between the radius of 18 and 90 A. The great peak at 40 A in the 
distribution of TMV that is absent in the distribution of the protein 
is due to the ribonucleic acid (Franklin and Holmes, 1958). 


Thus far, the radial distribution of the density projected down the 
axis of the particle has been determined. For this purpose, the 
amplitudes of the reflections on the equator have to be measured, and 
their signs determined. The sign was obtained by substitution with 
lead (Caspar, 1956a) and mercury (Franklin, 1956a) for intact virus 
and isolated reaggregated protein, respectively. The radial density 
distributions for virus and reaggregated protein are shown in Fig. 7. 
It is found that the density is that of water at the centre of the 
particle; there is a cylindrical hole filled with water that extends to 
a radius of 18 A, running through the entire central axis of the 
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particle. The mean outer radius of the particle is 75 A, but matter 
extends out to 90 A. Other features of the X-ray diagram which will 
not be discussed here revealed that this lower density in the outer part 
is due to a helical groove that follows the helix of the subunits and is 
therefore a property of their shape (Franklin and Klug, 1956). 


3. Arrangement of the Ribonucleic Acid 


Important information on the position of the nucleic acid is given by 
the radial density distribution of virus and reaggregated protein. 


PARTICLE 


MAXIMUM RADIUS 


MEAN RADIUS 


oa PITCH of 
HELIX 


NUCLEIC ACID 


208} RADIUS of HOLE 


Fig. 8. Model of tobacco mosaic virus, showing schematically the 
arrangement of the protein subunits and of the nucleic acid strand 
in six of the 130 turns of the helix (Franklin, Klug and Holmes, 
1957). 


The virus has a high density at a radius of 40 A where the density of 
the pure reaggregated protein is low (Fig. 7). It is concluded that the 
sugar-phosphate backbone of the RNA is situated on this radius 
(Caspar, 1956a; Franklin, 1956a). 

From the molecular weight of the protein subunit, 17,000, the 
percentage of RNA in the virus (5-6 per cent of the total weight of 
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protein + nucleic acid = 5-9 per cent of the weight of protein) and the 
mean molecular weight of a nucleotide residue, 324, one calculates that 
there are about three nucleotides of the RNA per protein subunit. 
It is most probable that this number is a true integer so that there are 
three positions on each subunit to attach three nucleotides. Since all 
four types of nucleotides occur in the RNA in amounts that show no 
regularity, and a large variety of sequences seem to occur (Section LT, 1) 
one expects this binding to be relatively unspecific with respect to the 
bases. It is probable that any of the four nucleotides can be bound to 
any of the three binding positions of the protein subunit. 

There are two possibilities for arranging the nucleic acid relative to 
the protein at a radius of 40 A. There may be sixteen strands nearly 
parallel to the axis, or there may be one strand following the primitive 
protein helix. Other possibilities are excluded by the maximum 
distance between two nucleotides, 7-6 A. In particular, the RNA 
following the primitive helix of the subunits would have forty-nine 
nucleotides per turn on a radius of 40 A. The corresponding mean 
distance between neighboring nucleotides in a single strand would be 
5 A, consistent with the expected interatomic distances. On the 
other hand, a double strand is excluded because it would require an 
internucleotide distance of 10 A. Recently, the non-equatorial part 
of the diffraction pattern was analyzed with respect to the structure 
of the RNA. The result excludes the sixteen stranded structure with 
the RNA strands running nearly parallel to the axis (Franklin, Caspar 
and Klug, 1959). Thus, the studies on the X-ray diffraction of TMV 
leads to the same result as those on the properties of isolated RNA, 
that its properties are that of a single strand of nucleotides. A model 
of TMV by Franklin is shown in Fig. 8. 


4. Separation and Recombination of Nucleic Acid and Protein 


The separation of the protein from the nucleic acid at alkaline pH is 
a rather complicated process. One obtains a variety of proteins and 
nucleoproteins of various molecular weight. At pH 10, the end products 
are protein subunits of a molecular weight of 90,000, degraded 
RNA and a nucleoprotein fraction that resists alkaline treatment. At 
lower pH, various other products appear (Schramm, Schumacher and 
Zillig, 1955; Harrington and Schachman, 1956). The complicated 
observations are not completely understood at present. Part of the 
products occur because some sections of the TMV rod are more stable 
toward alkali than others. Part of them are formed secondarily by 
reaggregation. The protein of molecular weight 90,000 or less is 
the primary protein unit of the degradation (Harrington and Schach- 
man, 1956). 


21 


OL. 
lo 
960 


314 ALFRED GIERER 


These protein subunits can recombine with ribonucleic acid. If 
RNA and the protein are mixed under suitable conditions at pH 6, 
one obtains particles that are not distinguishable from TMV in the 
electron microscope, and which contain the same amount of nucleic 
acid (Fraenkel-Conrat and Williams, 1955). This recombination is 
not specific with respect to the nucleic acid. One may combine 
protein of one strain with the RNA from another (Fraenkel-Conrat, 
1956), TMV protein with synthetic polynucleotides (Hart and Smith, 
1956), or with RNA from rat liver microsomes (Gierer, unpublished). 
This lack of specificity confirms the conclusion that in TMV many if 
not all nucleotide sequences may be bound to the protein subunits. 

The possibility to separate and recombine the protein with the 
RNA does not contradict the observation that the RNA is embedded 
deeply within the protein shell. Although the RNA is likely to be 
attached to the surfaces of the subunits, these surfaces do not neces- 
sarily form the inner or outer surface of the virus particle. Rather, 
the helical arrangement allows the RNA strand to run through the 
interface between adjacent turns in the helix of the protein subunits 
(Fig. 8). 

This model implies that unless the RNA is broken down to very 
small fragments one can in a single step remove from or recombine 
with the RNA only an amount of protein corresponding to less than 
one complete turn of the helix, that is of less than sixteen chemical 
subunits. In agreement with this consequence, the protein found as 
the primary product upon separation and used in recombination has 
a molecular weight of 90,000, consisting of only six chemical subunits. 


5. Size, Shape and Molecular Weight 

The properties to be discussed here have been investigated long 
before the internal structure of the particle was studied in detail, 
but the recent results allow a reevaluation and specification of the 
relevant observations. 

The mean diameter of the virus rods is 150 A, while the actual 
diameter, as measured by X-ray diffraction, is 180 A. The electron 
microscope shows particles aligned parallel to each other with a mean 
center-to-center separation of 150 A. This feature is explained by a 
helical groove on the outer surface of the particle that has been 
detected by X-ray diffraction (Franklin and Klug, 1956). The 
grooves and protrusions of neighboring particles interlock screwlike 
to permit the close contact of 150 A. 

A very important parameter of the virus is its length. According to 
the model of TMV, it is determined by the length of the entire RNA 
strand which winds helically throughout the length of the virus 
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particle. The problem of length is somewhat complicated by the 
observation that the particles aggregate at low pH and disintegrate 
at high pH values. In the pH range of 7-8, however, they are stable 
and appear homogeneous in the sedimentation diagram. By electron 
micrographs one finds a pronounced maximum in the length dis- 
tribution around 3000 A (e.g. Williams and Steere, 1951; Schramm 
and Wiedemann, 1951; Hall, 1958). From X-ray studies it is known 
that the particles retain their characteristic longitudinal period of 
69 Aon drying (Franklin and Commoner, 1955) so that the length deter- 
mined by electron microscopy will represent the length of the native 
particle. Electron micrographs of crystallites found in infected cells 
also show virus particles of a uniform length of 3000 A, arranged in a 
herringbone pattern (Steere, 1957; Fig. 9). 

The molecular weight of the TMV particle has been determined by 
various methods. Although values vary between 30 » 10° and 50 > 
10°, the best data available on which determinations may be based 
lead to 40 x 10° for the molecular weight. These are: 

1. The length of the particle, 3000 A, in combination with the 
number of forty-nine subunits per repeat period of 69 A and the 
molecular weight of the subunit, 18,000 (17,000 for the protein and 
1000 for the nucleic acid). 

2. The combination of the sedimentation constant with the diffusion 
constant (Schramm and Bergold, 1947). 

3. The parameters of light scattering measured on highly purified 
preparations (Boedtker and Simmons, 19538). 

In conclusion we may consider the TMV particle as a molecule of a 
molecular weight of about 40 10° of which 38 x 108 are contributed 
by the protein and 2-2 x 10° by the RNA. The protein shell consists 
of 2 130 equivalent subunits each of 155 amino acids, arranged in a 
helical manner. The nucleic acid strand follows this helix on the 
surface of the subunits between adjacent turns on a mean radius of 
40 A. Three nucleotides of the RNA strand are attached to each 
protein subunit. The form of aggregation is merely determined by 
the surface of the protein subunit and is independent of the RNA, 
whereas the total length of the individual intact TMV molecule is 
determined by the size of the RNA molecule. 


V. BrotoaicaL Activity oF IsoLATED RrIBONUCLEIC ACID 


1. Secondary Function of the Protein 


The biological activity of the virus cannot be attributed to the 
protein component alone. The isolated reaggregated protein subunits 
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of the same size and shape as the virus rods are known to be inactive 
(Schramm, 1947). The effect of chemical alterations of the protein 
on the biological activity of the virus has been studied. Such altera- 
tions, for instance, the acetylation of amino groups by ketene, were 
shown not to destroy the activity (Schramm and Miiller, 1940; 
Miller and Stanley, 1941). One may even retain the infectivity if the 
terminal threonine groups of the protein subunits are removed by 
carboxypeptidase (Harris and Knight, 1952). 

Further, one may obtain active virus particles from which part of 
the protein has been removed altogether. Incubation at pH 10 for 
3 hr leads to a fraction that contains about twice the percentage of 
nucleic acid as the original virus. This component may be isolated by 
electrophoresis. In the electron micrograph shown in Fig. 10a one 
detects segments of TMV rods held together by thin threads, apparently 
the ribonucleic acid fiber. This fraction still retains an infectivity of 
at least 10 per cent of the original virus solution; contamination by 
an equivalent amount of undegraded virus is not possible. Thus, 
removal of about half of the virus protein does not destroy the 
infectivity (Schramm, Schumacher and Zillig, 1955). 

Particles with similar properties were obtained after controlled 
degradation of the virus with dodecylsulfate at elevated temperature 
(Hart, 1955). In this case the removal of the protein proceeds always 
from the end of the particles. The protruding core found in the 
electron micrographs disappears after incubation with ribonuclease 
(Fig. 10), as does the infectivity of this material. 

The removal of part of the protein shell thus leads to particles that 
are infective although other properties, such as stability, are distinctly 
different from those of intact virus. It may be concluded that at 
least part of the protein has only secondary functions in initiating the 
infectious process. 


2. Infectivity of Isolated Ribonucleic Acid 


Following the negative evidence on the function of the protein, one 
may inquire into that of the nucleic acid. The lability of RNA 
demands a mild isolation procedure. One possibility is the extraction 
of the protein by phenol (Westphal, Liideritz and Bister, 1952; 
Schuster, Schramm and Zillig, 1956; Gierer and Schramm, 1956a, b). 
If water-saturated phenol is added to a virus solution, the mixture 
shaken for a few minutes and centrifuged to separate the phases, one 
finds the protein in the lower phenol phase and the RNA in the upper, 
water phase. This RNA-containing phase, diluted and assayed on 
test plants, renders the same symptoms of infection as intact virus. 
(For the sake of purity, one usually repeats the phenol treatment of 
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Fig. 9. TMV particles of a length of 3000 A, forming a herring- 
bone pattern. Electron micrograph by Steere (1957) of erystallites 
from infected cells. 


Fig. 10a. Partial removal of protein from a virus rod by short 
alkaline treatment. The thread linking the segments of TMV is 


the exposed ribonucleic acid. Eleetron micrograph by Schramm, 
Schumacher and Zillia (1955), 150,000. 


Fig. LOb. Partial removal of protein from the virus by short treat- 

ment with sodium dodecyl sulfate at elevated temperatures. 

Protruding cores represent ribonucleic acid. Electron micrograph 
by Hart (1955a), 1 : 60,000. 


Fig. 10c. The same material as in Fig. 10b after treatment with 


ribonuclease. The protruding cores disappeared. Electron micro- 
‘raph by Hart (1955a), 1 : 60,000. 
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the RNA-containing phase, and removes the remaining phenol). The 
infectivity of the RNA solution is not due to a contaminating fraction 
of intact TMV, because it is susceptible to ribonuclease and other 
agents that do not affect TMV. This observation only permits the 
conclusion that some ribonucleic acid is exposed as in the case of the 
labile infective nucleoproteins described in the preceding section. 
However, by quantitative analysis of the infectivity versus maximum 
protein content one arrives at the further conclusion that it is 
the nucleic acid itself that is infectious (Gierer and Schramm, 
1956a, b). 

No protein could be detected in the RNA solution. 0-4 per cent of 
the weight of RNA would have been detectable by chemical means and 
0-02 per cent native protein by serological methods. The infectivity, 
on the other hand, is about 4 per cent of that of an equal weight of 
intact TMV. That is, 10 wg/em® of RNA produce about the same 
number of local lesions on the test plants as 0-4 wg/em® of TMV. 
Thus, even if one were to make the unfavourable assumptions that all 
the protein compatible with the limit of detectability is actually 
present, that all this protein is bound to a small fraction of the RNA 
particles which is the only active one, and that these active particles 
have the same plating efficiency as intact TMV, one would arrive at 
the conclusion that the infective particles contain less than 10 per 
cent of the protein of a TMV particle, and less than 0-5 per cent in the 
form of native protein subunits. This upper limit of protein, while 
small in terms of the amount originally present in the virus, is still 
considerable in terms of the numbers of protein subunits that may be 
present on the RNA molecule of a molecular weight of 2-2 x 10°, 
namely 220 altogether and 11 in a native state. A more satisfactory 
and further reaching evaluation of the data is based on the observation 
that repeated phenol treatment of the RNA does not reduce the 
infectivity. This shows that the infectivity is independent of any 
protein component that is extractable by phenol. On the likely 
assumption that the TMV particles respond homogeneously towards 
phenol, the upper limit of protein that is not extractable by phenol 
is given by the upper limit of 0-4 per cent for the overall protein 
content of the RNA. From the RNA particles with a molecular 
weight of 2-2 x 108, any amount of protein exceeding the molecular 
weight of 9000 is extractable and therefore dispensbale for the infective 
process. This demonstrates that one may remove even the last of the 
2130 subunits of the protein shell, while still keeping the infectivity. 
It is not possible at the present stage to exclude the presence of a few 
amino acids in the RNA molecule. No other contaminants have been 
detected thus far, but a strict exclusion is not possible because the 
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determination of the structure of the RNA molecule is still far from 
atomic resolution. 

The observations mentioned are sustained by data of a more 
qualitative nature. For example, there is no specific inactivation of 
the RNA with antiserum against the protein shell of TMV. 

The level of infectivity per particle is about 0-2 per cent of that of 
TMV (this value is to be distinguished from the infectivity per weight 
which is 18 times as high because the molecular weight of TMV is 
eighteen times that of RNA. The infectivity per weight is a more 
convenient dimension for discussion of protein contamination.) 

The low level of infectivity does not imply that 99-8 per cent of the 
molecules have been inactivated in the course of the isolation pro- 
cedure. Most probably the reduction in infectivity is mainly due to a 
reduced plating efficiency of the RNA on the test plants (Chapter VI). 

Another method of obtaining infectious RNA is treatment of the 
virus with sodium dodecylsulfate (Fraenkel-Conrat; Singer and 
Williams, 1957b). One obtains RNA with similar properties to those 
reported for the phenol preparation. The level of infectivity is 
similar, little if any protein is present, and there is no specific in- 
activation by antiserum against TMV-protein. The lower value of 
the sedimentation constant reported for the preparation in distilled 
water as compared with that of the phenol-prepared RNA in phos- 
phate buffer is apparently due to the solvent effect on the shape rather 
than to a difference in molecular weight (Chapters II, 4; V, 3). A 
third method of producing the active RNA is by removal of the 
protein by short heat treatment, a modification of the method of 
Cohen and Stanley. The properties of the RNA thus obtained again 
resemblethose of the RNA prepared by other methods (Boedtker, 1959). 


3. Size and Structure of the Infective Unit 

As discussed in Chapter II, solutions of isolated RNA contain, as 
well as degraded products, a homogeneous component with a molecular 
weight of 2-1 x 10°, corresponding to the entire RNA content of a 
TMV molecule. One might expect this to be the active unit. This 
was shown to be the case by differential centrifugation and by study- 
ing the decrease of infectivity in the course of degradation by ribo- 
nuclease (Gierer, 1957, 1958b). 

By testing the infectivity of the supernatant RNA after different 
stages of ultracentrifugation, one finds that the sedimentation 
constant of the active molecules coincides within 20 per cent with 
that of the intact RNA molecules. In particular, the degraded products 
of low molecular weight are inactive. 

One may now inquire whether one may artificially obtain active 
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RNA of lower molecular weight by breaking down the intact RNA 
molecules. Fragments produced under various conditions were 
always found to be inactive. For a quantitative correlation, the 
degradation by ribonuclease is particularly well suited. One may 
incubate RNA with very low concentrations of ribonuclease and 
measure at regular time intervals both the specific infectivity and the 
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Fig. 11. Infective unit of ribonucleic acid. Decrease of infectivity 
and of mean molecular weight, measured by the intrinsic viscosity, 
in the course of degradation with ribonuclease (1-5 * 107° g/ml, 
at 22°C). Infectivity and intrinsic viscosity are given as per cent 
of the original values; ¢ is time of treatment by ribonuclease. 
The correlation shows that fragments of the RNA are not infective. 
The size of the infectious unit is calculated to be 2-2 « 10° (Gierer, 
1957; 1958b). 


mean molecular weight as determined by intrinsic viscosity. It is 
found experimentally that the infectivity decreases much more 
rapidly than the mean molecular weight (Fig. 11). Qualitatively this 
means that the molecular weight of the active unit is larger than the 
mean molecular weight of the RNA. The exponential decrease of the 
infectivity with time implies that single breaks caused by ribonuclease 
destroy the infectivity. A quantitative evaluation leads to a molecular 
weight of 2-2 x 10° for the smallest infective unit, again corresponding 
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to the entire RNA content of the virus particle. It follows, that groups 
necessary for infection are distributed throughout a large part of the 
total length of the molecule. For the single-stranded structure, one 
may conclude that no small active subunits of the RNA exist. 

The size of the smallest infective unit may also be derived from 
X-ray inactivation studies of TMV and isolated RNA. In both cases 
the sensitive target volume corresponds to the molecular weight of 
the entire RNA content (Lauffer, Trkula and Buzzel, 1956; Ginoza 
and Norman, 1957). 

Further information on the groups that determine the infection 
can be obtained by studying the effect on infectivity of chemical 
alteration within the intact strand. Relevant quantitative results of 
this type have been reported by Schuster and Schramm (1958). 
Nitrous acid treatment converts the bases adenine, guanine and 
cytosine into hypoxanthine, xanthine and_ uracil, respectively: 
otherwise the RNA molecule remains intact. During the treatment 
the infectivity decreases exponentially with time. This demonstrates 
that the chemical alteration of a single base can destroy the infectivity. 
The decrease in infectivity measured on test plants is correlated with 
the amount of nucleotides altered in the course of time as measured 
by chromatography of the RNA components. It is found, that the 
infectivity has dropped to 1/e of the original value in a time interval 
in which one out of 3000 nucleotides is altered chemically. Therefore 
the alteration of any out of 3000 nucleotides by nitrous acid is lethal. 
Since some of the chemical changes may not be lethal, this is the 
minimum of nucleotides that are essential to determine the infection. 
The results confirm the concept that no small active subunits exists 
in the RNA; in addition, they lead to the further reaching conclusion 
that most or all of the bases are of specific importance for the infection. 

On the other hand, physical changes in the structure of the RNA 
that do not result in a disintegration of the strand do not affect the 
infectivity (Gierer, 1959). Thus, one may expand the molecules 
reversibly by heating the solution to 70° for 10 min, or by dissolving 
the RNA in distilled water. The expansion is reflected by a decrease 
in sedimentation constant and an increase in intrinsic viscosity 
and is reversible (See Chapter Il). Also, one may incubate RNA at 
40° in 36 per cent urea for 30 min, a treatment expected to break 
hydrogen bonds, and yet recover intact RNA strands from this solu- 
tion. In all three cases, no significant change in infectivity results 
from the treatments. The infectivity appears to be independent 
of definite internal structural configurations of the nucleic acid 
strand, and no irreversible denaturation phenomena have been 
detected. In this respect, the structural basis of the biological 
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activity of RNA is essentially different from that of protein. 

The work on the size and structure of the active unit demonstrates 
that the infectivity depends to a high degree on the integrity of the 
RNA strand and its individual nucleotides, but not on the super- 
structure of this strand in solution or in the virus. It may be concluded 
that the biological activity is mainly or entirely determined by the 
linear sequence of the 6400 nucleotides of the RNA strand. 


VI. Function or THE ViruS PROTEIN 


1. Comparison of the Infectivity of Ribonucleic Acid and Virus 


The observation that the protein shell of the virus is dispensable 
for the initiation of the infective process, does not imply that the 
protein is without function in viral multiplication. One function is 
obvious if the stability of RNA and TMV is compared. The protein is 
necessary to stabilize the RNA outside the living cell. In addition, 
there is evidence that the presence of the protein shell facilitates the 
infective process itself. According to the measurements of the infec- 
tivity of RNA and TMV, the probability of a virus particle to start 
an infection on the plant is 500 times higher than that of a RNA 
molecule. This relation may vary with the conditions of assay 
(Bawden and Pirie, 1957). 

A large proportion of the RNA molecules may be isolated in a 
physically intact form and there is no evidence for a chemical altera- 
tion during isolation. This suggests that the lower infectivity is not 
due to a high degree of inactivation of the RNA in the course of 
isolation, but rather to a low plating efficiency on the plant leaves. 
Under the conditions often employed, the plating efficiency on 
Nicotiana glutinosa is of the order of 10-® for TMV and of 10-° for 
RNA. The features that determine the plating efficiency are scarcely 
understood. One might assume that the difference for RNA and TMV 
is due to a protection of the RNA by the protein within the cell until 
it reaches the location of reproduction. 


2. Constitution of Nucleoproteins from Active Nucleic Acid 


The apparent higher plating efficiency of TMV as compared with 
RNA raises the question whether one may artificially increase the 
plating efficiency of active RNA by recombination with the virus 
protein. As Fraenkel-Conrat and Williams (1955) have found, one 
may combine RNA (prepared by the use of detergents) and virus 
protein (prepared by Schramm’s method) at pH 6 to obtain rod-like 
particles resembling TMV in size, shape and composition, and such 
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particles are found to be infective. Similar results were reported by 
Lippincot and Commoner (1956). 


In the early work on this subject (Fraenkel-Conrat and Williams, 1955; 
Fraenkel-Conrat, 1956; Lippincott and Commoner, 1956) the measurement 
of the infectivity of the RNA preparation was not appropriate so that 
misleading conclusions were drawn. 

The properties of the isolated RNA were measured in a more degraded 
state than that at the time of recombination. In this way, a low molecular 
weight was found, and the infectivity of the preparation was only a millionth 
of that of the virus material from which it was derived. This residual 
infectivity was labile and susceptible to ribonuclease (Fraenkel-Conrat, 
1956). It may not be concluded, however, that it was a property of the 
nucleic acid itself. It may be attributed to labile infective nucleoproteins 
produced in the course of virus degradation (see V, 1), or to some high 
molecular RNA. The infectivity was low both in terms of that of infective 
RNA and of nucleoproteins and must be due to less than 0-1 per cent of the 
material. This small undefined fraction in the RNA solution cannot account 
for the much higher activity of the recombined material, which was more 
than 1 per cent of that of an equal amount of TMV. For an interpretation 
of these observations, it is of interest that the recombined particles showed 
a preference for the length of TMV. It may be inferred that many of them 
contained RNA strands that have been intact and therefor infective when 
they recombined with protein. These strands would have been degraded 
subsequently in the isolated state. Thus the recombination did not result 
in a reactivation of inactive components but in sparing active RNA from 
destruction. 


In recent work, the infectious RNA with the properties described 
in the preceding section served as a defined starting material with a 
plating efficiency of about 0-2 per cent of TMV whereas the recom- 
bined nucleoprotein exhibited a considerably higher plating efficiency 
of 2-10 per cent of TMV (Fraenkel-Conrat and Singer, 1957). Thus, 
there is an increase by a factor of the order of 10-50 caused by the 
recombination of the nucleic acid with protein. This shows that it is 
mainly reduced plating efficiency rather than partial destruction in 
the course of the preparation that is the cause for the lower infectivity 
of the RNA, and that the effect of protein extraction can actually be 
reverted in vitro. Aggregation of the RNA with protein takes about 
24 hr to be completed, and the infectivity is not affected with ribo- 
nuclease thereafter. This stability indicates that the RNA recombines 
with protein along all parts of its length and thus resembles closely 
the native tobacco mosaic virus. The effect of the protein shell is not 
specific for the TMV strains. If RNA from one strain is combined with 
protein from another, the products show a high plating efficiency as if 
aggregated with the protein belonging to the same strain as the RNA 
(Fraenkel-Conrat and Singer, 1957). This relative lack of specificity 
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again suggests that the effect of the protein on the RNA in the process 
of infection is a protective one. 

In conclusion, the present evidence on both isolated and recom- 
bined RNA sustains the views that 

(1) Infective nucleoproteins contain infective RNA. 

(2) The plating efficiency of such nucleoproteins can be higher than 
that of the isolated RNA. 


VII. Murations 


1. Structural Basis of Mutation 


There is a considerable number of TMV strains that differ in structure, 
host range and host symptoms. While the symptoms vary from strain 
to strain and from host to host, the structure of the virus particles 
themselves is well defined in the sense that the chemical and genetic 
properties of each strain are reproduced irrespective of the host on 
which it is grown. The structure of the nucleic acid and the protein is 
determined by genetic material of the virus. It is subject to occasional 
alterations that we may describe as mutations. 

The infectivity of isolated RNA shows that the genetic material 
of the virus is its ribonucleic acid, which determines secondarily the 
protein component. No ambiguities in defining the genetic character 
are introduced by the removal of the protein. The symptoms on the 
host, and the structure of the progeny virus, are essentially that of 
the strain contributing the nucleic acid, no matter whether the RNA 
is combined with the protein component of its own or of a different 
strain (Fraenkel-Conrat, Singer and Williams, 1957a; Fraenkel- 
Conrat and Singer, 1957). Reports that the progeny of TMV, RNA 
or recombined RNA differ in glycine content or plating efficiency, 
and that TMV and RNA show different rates and types of spontaneous 
mutations, are doubtful on experimental grounds. In fact, no 
mutants have been detected in sixty-five individual assays of virus 
from lesions that had been produced by isolated RNA, and the 
proportion of mutant infections measured quantitatively with respect 
to one phenotype (necrotic lesions on Java tobacco) was found to be 
equally low for assays with TMV and RNA (Mundry and Gierer, 1958). 


2. Structure of the Nucleic Acid 
Considering the chemical structure of the nucleic acids, no difference 
in the base composition of various strains could be detected (Knight, 
1952; Black and Knight, 1953). The analysis of the breakdown 
products obtained by pancreatic ribonuclease (see Chapter II, 1) gave 
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similar results in all cases with the exception of the M strain (Reddi, 
1957). It is suggested that ribonucleic acid from related strains does 
not differ in overall composition and gross arrangement of the nucleo- 
tides. Rather, the difference should be limited to a small fraction of 
the bases that escapes detection by the chemical methods available 
at present. 


3. Structure of the Protein 

Mutations that change the protein component affect the properties 
of all subunits of the virus in the same way (Friedrich-Freksa, 
Melchers and Schramm, 1946). In many cases, the amino-acid 
composition has been shown to differ for the TMV strains. The 
difference can comprise the substitution of just one or two amino acids 
in the subunit, especially in closely related strains. Strains that are 
more remotely related can differ in several amino acids (Knight, 
1947; Black and Knight, 1953; Aach, 1958). 

While the sequence of all strains investigated terminates in threo- 
nine (Harris and Knight, 1955), a difference for two strains, the normal 
and the M strain, has been detected for the fourth and fifth amino 
acid as counted from the terminal threonine (Niu and Fraenkel- 
Conrat, 1955). The analysis of fractionated fragments by the “finger 
print method” proved a powerful tool in establishing minor differences 
between various strains (see Knight, 1959). Since some types of 
replacements are difficult to detect, it remains to be established 
whether all mutants or only a fraction of them differ in the amino- 
acid sequence. 

In some cases, the differences in amino-acid composition (Aach, 
1958) can be correlated with differences in electrophoretic mobility 
(Kramer and Wittmann, 1958). Even slight differences in structure 
and composition of closely related mutants are reflected in detectable 
differences of serological specificity (Aach, 1957). 

All strains of TMV share the common feature that their protein 
subunits form a helix that includes the nucleic acid strand. How- 
ever, the differences in the structure and composition of the subunits 
of the virus particle are reflected in minor differences in the density 
distribution as well as the number of subunits per turn as determined 
by X-ray diffraction (Franklin, 1956b; Holmes and Franklin, 1958; 
Franklin, Caspar and Klug, 1959). 


4. Mutation of the Ribonucleic Acid in vitro 

From the results discussed in this and the previous chapters it may be 
inferred that the primary cause of mutation is the substitution of one 
or a few nucleotides within the intact RNA strand. This concept 
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can be proved in a direct manner and the mutation experimentally 
verified in vitro, by chemical induction of mutations in isolated 
ribonucleic acid (Gierer and Mundry, 1958; Mundry and Gierer, 
1958). 

Previous studies by Schuster and Schramm (1958) showed that 
most deaminations of nucleotides in the RNA caused by nitrous acid 
are lethal (Chapter V, 3). In searching for non-lethal mutagenic 
effects caused by nitrous acid, TMV or RNA was treated until a 
considerable inactivation had occurred, and assayed on a _ plant 
variety (Java tobacco) on which the normal strain produces only 
systemic infections whereas closely related mutant strains are known 
to produce local necrotic lesions. Indeed, a very large number of 
necrotic lesions are produced by the chemically treated RNA, in 
comparison to only a few that occur spontaneously in an assay of a 
corresponding amount of untreated RNA. 

The effect is great enough to be studied quantitatively at low rates 
of inactivation. There is first an increase in the number of mutants 
produced by a given concentration of virus or RNA within the time 
of incubation with nitrous acid, followed by a decrease due to 
inactivation. 

The maximum number of lesions exceeds by 20 times the spon- 
taneous level of untreated material after total infectivity has decreased 
by only 2-7, independent of the level of assay. It follows that the effect 
is to be attributed to changes of the infective material in vitro, and 
not to a selection of pre-existing mutants upon incubation or assay. 

Selection of preexisting mutants during incubation could occur by 
a greater resistance toward nitrous acid as compared with the original 
strain. However, such selection could not result in the observed 
increase of mutant infections. Selection upon the assay by inter- 
action of pre-existing mutant strains with the normal strain could lead 
to an increase because the interaction is reduced upon inactivation. 
This type of selection has been studied quantitatively by Mundry 
(1957) and others, using artificial mixtures of strains. It is known that 
the factor of selection cannot exceed the factor of inactivation, that is, 
inactivation by a factor 2-7 cannot lead to a selection of a strain by a 
factor exceeding 2-3. The factor of selection is further reduced if the 
assay is performed at sufficiently low concentrations. Therefore, the 
measurement of the increase of mutant infections has been made at 
various low concentrations of assay, and at low degrees of inactivation. 
In this way, it is concluded that the increase in mutant infections by 
the factor 20 upon inactivation by only 2-7 is almost entirely due to 
mutants that have been newly produced in vitro by deamination. 

In contrast to these conclusions, Bawden (1959) has recently 
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claimed that the observations could be explained by selection upon 
assay. This claim is based on an incomplete consideration of the 
experimental evidence. Thus, Bawden explains that an increase of 
mutant infections is compatible with selection by the interaction of 
strains. However, he claims erroneously that this increase in itself 
was taken as the only evidence against selection, and that therefore 
the assumption has been made that strains generally do not 
interact. He does not discuss his interpretation in terms of those 
measurements, that were made to exclude this type of selection: 
The quantitative correlation of the increase in mutant infections with 
measurements of inactivation, and the relevant previous experiments 
on the interaction of the strains by Mundry are not considered. Also 
the concentration of assay is not discussed although it is 600 times 
lower in the original experiments than in the comparative experiment 
by Bawden. As explained above, Bawden’s interpretation—selection 
rather than mutation—becomes untenable if these quantitative data 
are taken into consideration. A detailed discussion of this point is 
being published (Mundry 1959). 

The degree of inactivation can be used as a measure of the chemical 
reaction of the RNA under various conditions. This inactivation 
has been measured independently in all cases. The proportion of 
mutants for a constant reaction of the RNA has been found to be 
independent of pH, and is the same for isolated RNA and for TMV 
treated with nitrous acid, as well as for the RNA isolated after treat- 
ment of the TMV. Therefore, changes in the protein and aggregation 
phenomena can play no part in the effect. The mutation has to be 
attributed to chemical changes in the RNA. 

It may be shown from a kinetic analysis that alteration of individual 
bases is mutagenic. In this case only, one expects a relation between 
the number of mutants m and the time of incubation ¢ that is linear 
initially, and reaches a maximum (m,,,,) after the independently 
determined time 7 where total infectivity drops to 1/e of the original 
value. 

m t t 
= - exp (1 —-} 
Minax T 
This relation is confirmed experimentally under different conditions 
of reaction and assay (Fig. 12). 

To confirm and study the genetic character of the effects produced, 
RNA treated by nitrous acid was assayed on a plant variety where 
both the mutants and the original strain give local necrotic lesions. 
The virus from each lesion was assayed individually on test plants to 
study the genetic symptoms. Most of the lesions led to altered 
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symptoms of many different types. They proved genetically stable 
in a transfer experiment. A control assay with lesions derived from 
untreated RNA produced no altered symptoms. 

It is concluded from these results that the change of a single one out 
of the 6400 bases of the ribonucleic acid strand can be mutagenic. 
One may estimate that many hundreds of the nucleotides respond 
in this way to deamination, leading to a variety of different strains. 
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Fig. 12. Kinetics of the production of mutants of TMV by chemical 
alteration of its ribonucleic acid (Gierer and Mundry, 1958; Mundry 
and Gierer, 1958). Virus or nucleic acid is treated at 22°C for 
various times ¢ with 1 mole sodium nitrite adjusted with 0-25 mole 
acetate buffer to slightly acid pH values. Within each series, the 
material is assayed at constant concentration on Java tobacco 
plants. Mutations are measured as number of local necrotic lesions 
m, expressed in relation to the maximum value m max reached in the 
course of treatment. The reaction time ¢ is expressed in relation to 
the independently measured time 7 after which total infectivity 
has dropped to l/e the original value. ¢/r measures directly the 
fraction of nucleotides that is altered chemically, independent of the 
reaction conditions; t/t = 1 corresponds to one alteration per 
3000 nucleotides (Schuster and Schramm, 1958). The spontaneous 
rate of mutation without treatment by nitrous acid is m/mmax - 
0-05. For the vulgare strain, 6 per cent of the primary infections 
are necrotic at ¢t/r = 1. 
TMV vulgare: RNA, treated at pH 4:5 (+ = 8-5 min). 
TMV vulgare: RNA, treated at pH 4:8 (7 = 18 min). 
TMV vulgare: intact virus, treated at pH 4-2 
(r = 23 min). 
© TMV, spontaneous mutant B11: RNA treated at pH 4:8 
(r = 18-5 min). 
— Theoretical relation if the alteration of a single nucleotide 
can be mutagenic (eq. 4). 

— — — Theoretical relation if two nucleotides on the RNA 
molecule would have to be changed to produce a mutant. 
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It remains undecided which types of deaminations can produce 
mutants. One might assume that the conversion of cytosine to 
uracil, replacing one naturally occurring base by another, and possibly 
the conversion of adenine to hypoxanthine (which is closely analogous 
to guanine) can be mutagenic whereas the conversion of guanine to 
xanthine may be ineffective. In the case of the conversion of cytosine 
to uracil, it is likely that the RNA altered in vitro reproduces identic- 
ally in the host cells. 


VIII. Mecuanism oF VIRAL MULTIPLICATION 


1. Introductory Remarks 


After the preceding discussion of the structure of the virus components, 
and its relation to infectivity, it appears logical to deal with the 
mechanism by which the components are produced and assembled 
in the infected host cell. Unfortunately, it is very difficult to study 
well defined early stages of infection in plant cells, mainly because it is 
not possible to infect many cells simultaneously, and because the 
plating efficiency of the virus is so low that infectivity is detectable 
only after millions of progeny virus particles have been produced. In 
the following sections, some experimental results will be described that 
are related to the early stages of infection in a relatively direct manner, 
to be discussed subsequently in terms of current ideas on virus 
multiplication. 


2. Observations on Individual Infected Cells 


A suitable object by which to follow infection in individual cells is 
provided by the hairs of tobacco leaves. This system has been 
studied in detail by Zech (1954; 1959). If such hairs, consisting of a 
linear arrangement of cells, are injured and exposed to virus infection, 
processes characteristic of the infection may be observed both with 
visible and ultra-violet light. In particular, 1 hr after the infection of 
a cell, there begins a great increase in the amount of nucleic acid in 
the nucleus as detected by ultra-violet microscopy in combination 
with other techniques. Later, nucleic acid appears in the cytoplasm, 
especially in the vicinity of the nuclear membrane, and apparently 
at the expense of the nucleic acid contained in the nucleus (Fig. 13). 
The most likely interpretation is that ribonucleic acid is produced 
in the nucleus, and released subsequently into the cytoplasm. At 
this stage, the nucleic acid is not contained in virus particles. Intact 
TMV is detectable only in a much later stage of infection. 

Early indications of infection such as the increase in nuclear 


VOL 
le 
19€ 


Fig. 13a. Uninfected hair cell of tobacco leaf in the ultra-violet 
microscope (A 2570 A), 1: 4000. Dark area is the nucleus of 
the cell (Zech, 1959). 


Fig. 13b. Hair cell of tobacco leaf in the ultraviolet microscope 
(A = 2570 A), 2 hr after infection with TMV, 1 : 4000. Amount 
of nucleic acid in the nucleus, related to its independently measured 


dry mass, has approximately doubled. Dark areas in the cytoplasm 
represent nucleic acid in much higher concentration as in an unin- 
fected cell (Fig. l3a). (Zech, 1959). 
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Fig. 14. Comparison of the sedimentation diagrams of RNA from 
TMV (a) and from uninfected tobacco plant cells (b) (0-1 per cent 
RNA in 0-02 phosphate, pH 7). Direction of sedimentation is from 
left to right. Both the homogeneous component representing intact 
TMV RNA (upper figure) and the faster moving component of 
cellular RNA (lower figure) have a sedimentation constant of 24S 
(corrected for 20°C) at this concentration. The slower moving 
component of leaf RNA has a sedimentation constant of 16-58 
(Gierer 1958ce). 
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nucleic acid are first observed in the cell adjacent to the damaged cell. 
The damaged cell provides a gateway for the infective particles to 
invade an intact ceil and start multiplication; the following cells are 
infected subsequently, at a rate of the order of one cell in about 
100 min. 


3. Studies on Local Lesions 


On some hosts, the infection spreads from a primarily infected cell to 
form a local necrotic lesion. The amount of virus within a lesion is 
proportional to its area, indicating that new virus is produced only 
at the edge of the lesion. For a considerable length of time, the radius 
of the lesion increases linearly with time, at the rate of about one cell 
layer per 4 hr. Indications of various stages of infection are seen in a 
region comprising about four cell layers at the edge of a lesion, 
corresponding to a period of 16 hr of lesion growth (Rappaport and 
Wildman, 1957). 

To study early events in the course of infection, the inhibiting 
effect of ultra-violet radiation on the appearance of local lesions has 
been investigated. Irradiation of virus or RNA in vitro results in 
inactivation which proceeds exponentially with the dose, indicating 
that a single light quantum can be lethal. The same type of inactiva- 
tion is observed if leaves are irradiated shortly after infection with 
RNA, but the sensitivity decreases in the course of time, probably 
because the RNA is being shielded or otherwise protected by cellular 
structures. Ifthe infection is initiated by TMV, the decrease in sensi- 
tivity is preceded by a lag phase of 1-2 hr during which the protein coat 
of the virus probably is removed. Four hours after infection with 
RNA, and 6 hr with TMV, the sensitivity decreases again, but the 
relation between dose and inactivation reveals that now several inde- 
pendent units capable of propagating the infection are being produced. 
It is assumed that in this stage, multiplication of the RNA pro- 
ceeds (Siegel and Wildman, 1956; Siegel, Ginoza and Wildman, 
1957). 


4. Systemically Infected Leaves 


4.1. Production of intact virus. In systemically infected plants, 
virus is easily detected about two days after infection. The amount 
increases markedly, perhaps exponentially, with time in this early 
stage. It is of particular interest to estimate the time after infection 
when the first progeny virus is produced. Extrapolations based on 
different methods and materials have led to values between 8 and 30 
hr (Yarwood, 1952; Schramm and Engler, 1958). The time is found 
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to be considerably reduced if RNA instead of TMV initiates the 
infection, again suggesting that a detectable period of time is necessary 
to remove the protein coat of the virus before multiplication begins 
(Schramm and Engler, 1958). 

4.2. Production of infective RNA. To detect, in infected plants, 
viral RNA that is not contained in TMV, the infectivity of RNA 
extracted by phenol directly from infected leaves was compared with 
that of RNA isolated after homogenization of the leaves. In the 
first procedure, nearly all the infective RNA is expected to be obtained 
in an intact form, whereas the second one would lead to a decay of 
RNAase sensitive material but would leave RNA contained in TMV 
itself, intact. It is found that in the early stages of infection there is 
much RNAase—sensitive viral RNA in addition to the RNA found 
in TMV; in the later stages, most of the RNA is contained in TMV 
(Engler and Schramm, 1959). 

4.3. Production of virus proteins. Whereas uninfected cells have no 
proteins that are (serologically) similar to the virus protein, infected 
cells contain a component of RNA-free protein (X-protein) that is 
similar, and probably identical, with the protein component of the 
virus, as shown by its chemical, serological and aggregation properties 
(Bawden and Pirie, 1945; Takahashi and Ishii, 1952; Commoner, 
Yamada, Rodenberg, Wang and Basler, 1953; Rich, Dunitz and 
Newmark, 1955). Rysselberge and Jeener (1957) have shown that, 
in the early stages of infection, X-protein undergoes a rapid turnover 
and is probably the material which, in a continuous process, combines 
with previously produced RNA to form virus. In these studies, 
radioactive CO, was applied for a short period about 100 hr after 
infection of the leaves, and the activities of X-protein and TMV, as 
well as the growth rate of TMV were measured. In comparison 
with TMV, the amount of X-protein is small while its specific activity 
is high. From the amount and growth rate of TMV and its activity 
one may calculate the specific activity of the protein that has been 
incorporated into newly formed TMV during the period of labeling. 
It is found to be equal to that of the free X-protein. The data indicate 
that the X-protein is an intermediate in virus synthesis, the turnover 
proceeding in less than 15 min. 

In subsequent stages of infection (200 hr) the specific incorporation 
of isotopes into X-protein is closer to that into TMV, while the total 
amount of X-proteins is much higher, indicating that excess X-protein 
is accumulating in the cells (Delwiche, Newmark, Takashi and Ng, 
1955). In still later stages, TMV particles might disintegrate to form 
X-protein as degradation products (see Zech and Vogt-Koéhne, 
1955). 
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5. Conclusions. To facilitate interpretation of the results, it is 
helpful to recall current ideas on cellular biology: That RNA, 
produced in the nucleus, is incorporated into structures like the 
cytoplasmatic microsomes which determine the synthesis of specific 
proteins. Also, one may assume that RNA, once it is incorporated 
in the protein shell of the virus, can take no active part in either 
multiplication or protein synthesis. The following sequence of 
processes is suggested but by no means established by the experi- 
ments, and the reader will have no difficulties in inventing alternative 
hypotheses. 

(i) Invasion of cells. 

Virus or RNA invades a damaged cell. From there it might enter, 
through the plasmodesmata, a neighboring intact cell to start the 
infection (for detailed discussion see Wildman, 1959). 

(ii) Removal of protein. 

If virus initiates the infection, a period of one or several hours 
elapses in which the protein shell of the virus is removed. 

(iii) Reproduction of ribonucleic acid. 

Viral ribonucleic acid reproduces in the nucleus of the host cell. The 
reproduction might involve, in analogy to DNA, a complementary 
structure of RNA. Later, RNA is released into the cytoplasm, 
perhaps into the microsome fraction. 

(iv) Infection of adjacent cells. 

The infection might be spread from one cell to another by such 
RNA-molecules, or RNA-containing particles, that are produced in an 
early stage, rather than by the virus, which is a final product appearing 
only in a late stage of infection (discussed by Wildman, 1959; Zech, 
1959). 

(v) Production of protein. 

At the sites of newly formed RNA, synthesis of virus protein 
proceeds in the cytoplasm. 

(vi) Assembly of virus. 

The protein produced combines with viral RNA (but not necessarily 
the microsomal RNA) to form virus particles. At late stages of 
infection, excess protein is produced that does not combine with 
RNA. 

A cell infected with one RNA molecule produces in the period of 
about one day about 10° virus particles containing 10° viral RNA 
molecules and about 10° protein subunits (Nixon, 1956). During this 
period, virus production plays a dominating part in the cellular 
metabolism. One of the most important and least understood pro- 
blems in virus synthesis is the factors that control this strong 
preference of one biochemical pathway above all the others. 
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IX. Discussion 


1. Comparison of TMV with Other RNA Containing Particles 


There is an increasing amount of evidence that many small viruses 
have basic features in common with TMV. Thus, the existence of 
small similar or equal subunits making up the protein component has 
been shown in several cases, both by X-ray diffraction studies (Caspar, 
1956b; Klug, Finch and Franklin, 1957) and by chemical investi- 
gations (Niu, Shore and Knight, 1958). The subunits are arranged in 
a regular way at equivalent positions to form a protein shell that 
includes the RNA (see Crick and Watson 1956). 

Despite large variations in the molecular weight of small viruses, 
many of them contain an amount of RNA similar to that of TMV, 
corresponding to about 6000 nucleotides (e.g. Frisch-Niggemeyer, 
1956). RNA isolated from other viruses by phenol extraction, has 
also been shown to be infective (e.g. Colter, Bird and Brown, 1957; 
Wecker and Schifer, 1957; Alexander, Koch, Mountain, Sprunt and 
van Damme, 1958; Franklin, Wecker and Henry, 1958). The size and 
properties of the infective unit have been shown in one case to be 
similar to those of TMV RNA (Wecker, 1959). 

Thus, one may consider many small plant and animal viruses, as 
consisting of the infective unit in the form of an RNA strand of about 
6000 nucleotides enclosed in a protective shell of many equivalent 
protein subunits. 

Further, there seems to be a close relation between viral and 
cellular RNA. Plant and animal cells, and their microsome fraction, 
contain two major components of high molecular RNA with molecular 
weights around 0-6 x 10® and 1-8 x 10® and physical properties 
similar to those of the viral RNA. In particular, the larger component 
of isolated cellular RNA appears similar in size and basic structure to 
that isolated from small viruses (Gierer, 1958c, Fig. 14). In any case, 
the linear arrangement of several thousand nucleotides defines 
biological specificity. To exert this specificity, a large fraction of the 
cellular RNA is bound to protein to form the microsomes that play a 
determining part in protein synthesis (reviewed by Loftfield, 1957). 
It is possible that in the course of the synthesis of the virus protein, 
viral RNA is contained in such cellular structures, too. The structural 
similarity between cellular and viral RNA supports the view that the 
properties of viruses and their RNA component reflect general 
properties of high molecular ribonucleic acid, of its reduplication, 
and of its relation to protein synthesis. The subsequent part of the 
discussion is based on this viewpoint. 
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2. Desoxyribonucleic and Ribonucleic Acid 


According to current ideas, of the two types of nucleic acid in the cell, 
DNA represents the fundamental genetic material, whereas RNA, 
presumably dependent on DNA for its production determines protein 
synthesis. 

The autonomy of DNA as a carrier of genetic characteristics is 
shown in a most direct way by the capability of isolated DNA to 
transform heritable properties of bacteria (Avery, McLeod and 
McCarty, 1944), and its separate primary role in the multiplication of 
phages (Hershey and Chase, 1952). The relation of high molecular 
RNA to protein synthesis evolves from the function of the RNA- 
containing microsomes (reviewed by Loftfield, 1957). 

The two types of nucleic acid differ greatly in their structural 
properties. This is a direct consequence not of the minor differences in 
chemical composition, but rather of two distinct types of physical 
structure. DNA molecules are formed by two strands of nucleotides 
which are cross-linked by specific hydrogen bonds, whereas the isolated 
RNA studied thus far is composed of a single strand. Consequently, 
DNA has a well defined internal structure. This is preserved upon 
careful isolation and persists in solution or in the fibrous state, but 
may collapse irreversibly if sufficient hydrogen bonds are broken 
(Doty, 1957). RNA, on the other hand, has no specific internal 
configuration and exhibits no phenomena of irreversible denaturation. 
Further, the internal structure of DNA introduces a relatively high 
rigidity, a very high intrinsic viscosity, and other physical properties 
related to the large expansion of the molecule in solution. 

Both DNA and RNA are defined by a linear sequence of nucleotides. 
The sequence in one strand of DNA is completely determined by that 
in the other one according to the specific pairing of the nucleotides, 
and the physical structure is independent of this sequence (Watson 
and Crick, 1953). One may consider such sequential arrangements 
which define genetic properties, as linear messages, whose function 
it is to prescribe biochemical events in the cell. The four types of 
nucleotides are the elements from which the message is constructed. 

There are two basic problems connected with this concept: how 
the sequence of nucleotides is reproduced identically, thus forming 
the molecular basis of cellular multiplication and how it determines 
the biochemical events in the cell. 

So far as multiplication is concerned, the structure of DNA suggests 
a mechanism in which the sequence in one strand leads, by the pairing 
of nucleotides to the formation of the complementary sequence in the 
other strand (Watson and Crick 1953). Direct experimental evidence 
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in favor of this mechanism has recently been produced (Meselson and 
Stahl, 1958). The sequence in cellular RNA probably is determined 
primarily by the sequence of DNA according to a mechanism of a 
similar type. It may be that RNA which has been produced in this 
way can proceed to reproduce itself like DNA. No double-stranded 
RNA has been detected thus far, but it is conceivable that it represents 
such a small amount in the cell that it easily escapes detection. 

Since the biochemistry of the cell is controlled by enzymes, its 
genetic determination involves the production of specific enzymes and 
other proteins; that is, the synthesis of specific amino-acid sequences. 
Deficient as this model may be, the linear arrangement of amino 
acids in proteins as determined by the linear sequence of nucleotides 
in the genetic material is expected to occupy a central part in the 
genetic control of cellular biochemistry. There are about twenty 
different amino acids, but only four nucleotides, so that only groups of 
several nucleotides can determine one amino acid. In the simplest 
model, successive groups of nucleotides in the nucleic acid determine 
successive groups of amino acids in the polypeptide chain. The yet 
unknown nature of this correlation is often called the code of protein 
synthesis. 


3. Relevance of Results on Tobacco Mosaic Virus 


The problems of molecular replication and protein synthesis are 
expected to be resolved only by a combination of evidence that will 
come from several fields of biology. Since research on small viruses is 
one of these, we shall list and discuss those results on TMV that appear 
to be related to the more general problem mentioned. 

In adopting TMV as a model to study ribonucleic acid, it is 
necessary to be aware of the postulates of simplicity involved. In 
some deductions, it is assumed that the bulk of the material isolated 
as virus is actually virulent; that it is possible to establish some 
structural relations between the virus components themselves without 
specific knowledge of their interaction with the host; and that rare 
chemical features of the RNA, if present at all, do not contribute 
markedly to the genetic information contained in it. While it is 
possible that future results especially on host—virus relations and 
nucleic acid chemistry will introduce some qualifications, it appears 
probable from the present evidence that these postulates are to a large 
extent correct, and conclusions based on them are not misleading. 

In the case of TMV, we may isolate and study separately the 
RNA as the determining genetic material, and the subunits of the 
protein shell as material which is itself determined by the RNA. 
Regarding the structural basis of the genetic properties, the 
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following results are of direct relevance. The infective unit is essen- 
tially one strand of nucleotides. One cannot rule out altogether 
the presence of some structural irregularities such as atypical inter- 
nucleotide linkages, rare types of bases or components other than 
nucleotides. However, the RNA strand does not contain subunits 
of the protein shell of the virus, and no other protein can be present 
in a native state. The genetic specificity is defined by the sequence 
of the nucleotides and not by a superstructure of the RNA strand. 
Most or all bases contribute to the determination of the infective 
process. The chemical alteration of a single base can change the 
genetic properties of the virus. Many different though closely related 
sequences of nucleotides can initiate their own replication in the same 
type of cell. All these results support in a rather direct way the 
concept outlined in the last section that the genetic information resides 
in the sequential arrangement of nucleotides with the identity of the 
individual nucleotide being significant. 

Concerning the correlation between the ribonucleic acid and the 
protein, many problems seem to be accessible to experiments with 
TMV. The evidence on mutations available thus far suggests that a 
mutation involving the replacement of one nucleotide in the RNA 
strand by another may cause the replacement of one amino acid by 
another in the protein subunit of the virus. This would support the 
view that the nucleotide sequence is related to the amino-acid sequence 
in a direct and simple manner. Further, one may study whether 
successive groups in the RNA determine successive groups in the 
chain of amino acids; which changes of single nucleotides result in a 
change of an amino acid; which changes of a single amino acid, if 
any, depend on the change of several nucleotides; and how many 
nucleotides are necessary to determine one amino acid. 

With respect to the last question, the size of the active unit presents 
a problem of particular interest. The simplest way to relate the 
nucleotide to the amino acid sequence is by correlating groups of 
three nucleotides to each amino acid. In this case, only a small 
fraction of the 6000 nucleotides in the RNA strand would be required 
to determine the sequence of the 155 amino acids in the protein 
subunit. Since the remaining part of the RNA is also known to be 
necessary for the infection, it must serve some yet unknown function 
in multiplication. Therefore, one might expect to find many muta- 
tions as detected by altered host symptoms that are not accompanied 
by an alteration in the structure of the virus protein. 

An alternative hypothesis would be to correlate sequences of 
20-40 nucleotides to each amino acid. Indeed, RNA molecules of 
about this size (soluble RNA) seem to play a specific part in the 
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transfer of amino acids to the sites of protein synthesis (Hoagland, 
Zamecnick and Stephenson, 1957). One might imagine the viral RNA 
to be a template that aligns these molecules of soluble RNA, carrying 
one amino acid each, in the correct sequence for the protein synthesis 
to proceed. If it turns out that the number of nucleotides per amino 
acid is indeed large, the present views of the coding problem would 
be considerably changed. 

X. SUMMARY 


Tobacco mosaic virus consists of ribonucleic acid made up of 6400 
nucleotides, enclosed in a protein shell of 2130 similar or equal 
subunits. 

The whole nucleic acid content may be isolated as one molecule. 
It consists essentially of one strand of nucleotides. Rare chemical 
constituents and structural features are not excluded. The configura- 
tion in solution—a coiled structure with some internal hydrogen 
bonding—depends on the solvent conditions. No definite internal 
structure subject to irreversible denaturation was detected. 

The protein subunits are indistinguishable by their physical, 
chemical and serological properties. Each unit is made up of one 
chain of 155 amino acids. 

In the virus, these subunits are arranged in a helical manner to 
form a rod-like hollow cylinder 3000 A in length, with an inner radius 
of 18 A and an outer radius of 90 A. There are 164 subunits per turn 
of the helix. The ribonucleic acid strand follows the helix of the 
subunits between the interface of subsequent turns, enclosed in the 
protein at a radius of 40 A. There are three nucleotides attached to 
each subunit; the binding is not specific with respect to the types of 
bases. The aggregation form of the virus is a property of the protein 
component alone, while its length is determined bythe ribonucleic acid. 

The biologically active unit of the virus is its ribonucleic acid. 
It is infective after isolation. There are no small active subunits; the 
infectivity depends to a large extent on the integrity of the nucleic 
acid strand and its individual bases, but not on a superstructure of 
the strand in solution orin the virus The protein shell has stabilizing 
functions and increases the plating efficiency of active RNA. It does 
not activate inactive nucleic acid. 

The structure and infectivity of the RNA shows that the genetic 
properties are determined by the nucleotide sequence in the RNA. 
These properties are often reflected in the structure and amino acid 
sequence of the protein subunits. 

The alteration of a single one out of the 6400 bases in the intact 
strand can be mutagenic. Such mutations can be produced by 
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treating isolated RNA with nitrous acid. Many nucleotides in the 
strand respond to alteration in this way, and a variety of different 
mutants can be produced. 

The studies on the infective mechanism suggest that the first step 
after the invasion of a host cell by virus is the removal of the protein 
shell from the RNA. The ribonucleic acid seems to be reproduced in 
the nucleus, and to appear subsequently in the cytoplasm. Virus 
protein is then synthesized to combine with RNA so that virus is 
formed. In later stages, excess protein is produced. The infection 
may be spread from cell to cell by some RNA-containing structures 
before the virus itself is assembled. 

There is evidence that TMV-RNA has basic properties in common 
with other viral and cellular RNA. 

The results on TMV show that RNA has genetic continuity of its 
own. Within limits defined by the host its linear sequence of nucleo- 
tides can be reproduced identically in the host cell. Also, it determines 
the structure of the corresponding virus protein. The individual 
nucleotide in the sequence is of essential importance in these functions. 
Results on the model case of TMV—RNA are expected to help correlate 
the structure of the proteins to the structure of the nucleic acid as the 
determining genetic material. 
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OF CELL MEMBRANES 
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I. 


APPROACHES to the molecular structure of cell membranes have 
hitherto been of necessity indirect. A more direct approach is now 
possible because of the increase in resolution afforded by the electron 
microscope. It is the main purpose of this paper to indicate the 
degree to which electron microscopy has contributed to this matter 
so far. Of itself this approach can only yield static observations which 
must be fitted into the context of other known information. A large 
literature related to this topic exists and it is not the aim of this 
article to present an extensive review of it. Rather it is intended to 
select certain kinds of information concerning a few essential concepts 
which are useful in interpreting the observations made by electron 
microscopy. 

In dealing with the molecular structure of cell membranes it is 
helpful at the outset to distinguish three levels of molecular organiza- 
tion of increasing complexity. First, one needs to decide whether 
or not there are monomolecular strata extending in planes parallel 
to the membrane surface which contain only one broad class of 
compounds (e.g. lipid or non-lipid). Second, one needs to proceed to a 
finer level of organization involving particular kinds of molecules 
(e.g. lecithin, sphingomyelin, specific enzymes, etc.) which may be 
distributed in a particular pattern within each stratum. Third, one 
might hope to distinguish a pattern of distribution of specific reactive 
intramolecular groups (e.g. amino-acid residues, carboxyl groups, 
amino groups, etc.) on the surfaces and within each of the strata. 
The first category is primarily the one with which this paper deals. 

The finer levels of organization in the last two categories are 
the ones which probably determine immunochemical specificities, 
many cell contact phenomena (see Abercrombie and Heaysman, 
1954; Abercrombie, 1958; Weiss, 1958; Curtis, 1959), specific 
enzyme activities (Green and Jirnefelt, 1959; Hatefi, 1958; Skou, 
1959), light absorption by chloroplasts (Trurnit and Colmano, 
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1959), the permeability properties of cells (Danielli, 1958; Mitchell, 
1959; Davson, 1959), nerve impulse propagation (Hodgkin, 1951, 
1958; Katz, 1952; Schmitt, 1958) and many other phenomena of the 
greatest interest. 

This general structural level has not yet been attacked fruitfully 
by electron microscopy though pioneering efforts have been made 
using replica techniques (e.g. Latta, 1952; Hillier and Hoffman, 1953). 
The information obtained so far has been disappointing from the 
molecular viewpoint, perhaps because adequate replica techniques 
are only now being developed (Bradley, 1959). Hence these finer 
levels of structure are mainly problems for the future in electron 
microscopy. No definitive conclusions have yet been reached even 
in the first, more gross, category, though certain advances have 
occurred in studies of thin sections of chemically fixed, plastic em- 
bedded specimens which allow a few tentative deductions and suggest 
future lines of investigation. 

Certain classical ideas of cell membrane structure will be briefly 
reviewed at the outset before proceeding to the role of electron 
microscopy in this field. Some of the available chemical evidence 
which is essential in building up an accurate conception of the mole- 
cular structure of cell membranes will then be reviewed before 
proceeding to a discussion of recent electron microscope studies of 
chemical model systems. 


II. ChassicaL CONCEPTIONS OF CELL MEMBRANE STRUCTURE 


Certain important concepts regarding the nature of the molecular 
organization of cell membranes have resulted from indirect studies. 
The degree to which some of these ideas are supported by direct 
electron microscope investigations is striking. The idea that lipids 
were important seems to have originated with Overton (1895) who 
introduced it because of the relative ease with which certain lipoid 
substances penetrated cells. Subsequent studies of the permeability 
of cell membranes to a variety of compounds have supported and 
extended this conception (Danielli, 1951, 1958; Davson, 1959), and 
also have indicated that molecular size is important and that certain 
energy requirements have to be met before diffusion of ions through 
the membranes can occur (Davson and Danielli, 1943). 

A way in which lipids might be arranged in cell membranes was 
suggested by the work of Hardy (1913), Harkins, Davies and Clark 
(1917), and Langmuir (1917). These authors realized that lipid 
molecules would be expected to arrange themselves at an air—water 
interface in lateral array perpendicular to the water surface, but 
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because of solubility properties it was assumed that the polar ends of 
the molecules would be directed toward the water, and the non-polar 
ends toward the air. Langmuir studied quantitatively the properties 
of spread monolayers of many different lipids and established several 
fundamental points. His findings proved that lipids do in fact arrange 
themselves, when compressed in a monolayer on a water surface, 
perpendicular to the surface with their polar groups and non-polar 


Fig. 1. Single bimolecular leaflet of lipid. The circles represent 
the polar groups and the bars the non-polar carbon chains. 


carbon chains in lateral register. He found that saturated fatty acids 
of different chain lengths (16—26 carbons) all occupied about the same 
limiting area (21-25 cm?). He was able to calculate the 
lengths of the molecules and show that the carbon chains were 
extended in a ‘‘zig-zag”’ fashion perpendicular to the water surfaces 
in lateral register. He assumed that the polar ends of the molecules 
dipped into the aqueous phase because of the solubility properties of 
oils. There seems no reason to question this assumption though 
Dervichian (1954) points out that there is no direct proof for it. 
Cell membranes contain lipids and are boundaries between two 
aqueous phases. The general principles developed by Langmuir 
are implicit in all theories of cell membrane structure which take 
into account their lipid content. 

In 1925 Gorter and Grendel found that the total lipid extracted 
from red cell ghosts when spread in a monolayer occupied twice the 
area of the membranes of the red cells. It was natural for them to 
suggest that the lipid was arranged in the membrane as a bimolecular 
leaflet with the hydrophilic polar groups at the surfaces and the 
hydrophobic carbon chains making up the interior as shown in Fig. 1. 
This model was in keeping with the ideas of Overton and of Langmuir. 

It was apparent however, that cell membranes were more compli- 
cated than this and soon experimental evidence for other components 
appeared. The work of Cole (1932) on the surface tension of cell 
membranes and of Harvey and Shapiro (1934) on the surface ten- 
sion of intracellular oil droplets of marine eggs made important 
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contributions. It was known at this time that in the ranges of pH 
thought to prevail in some cells (Chambers and Pollock, 1927) most 
pure lipoid substances gave surface tension values in the range 
of 10 (or more) dyn/em (Adam, 1941). Harvey and Shapiro (1934), 
however, calculated values of 0-2 dyn/cm for intracellular oil droplets 
using a centrifuge microscope technique and Cole (1932) had arrived 
at even lower values by measuring the force required to compress 
whole marine eggs. It seemed difficult to explain these low surface 
tension values if only lipoid—water interfaces were concerned. Sub- 
sequently Danielli and Harvey (1935) showed that these low values 
were due to the presence of some surface active agent. They concluded 
that this was probably protein and that the lipid polar surfaces were 
covered by at least one protein monolayer.* 

Danielli and Davson (1935) then proposed a general model of cell 
membrane structure consisting of one or more bimolecular leaflets 
of lipid each polar surface of which had on it a monolayer of protein 
(Fig. 2). This conception was later elaborated by these authors into 
the so-called “‘pauci-molecular”’ theory (Davson and Danielli, 1943). 
This theory was based largely on permeability studies far too extensive 
for adequate treatment here (Davson, 1959). It was also supported 
by other lines of evidence. For example, Schmitt, Bear and Ponder 
(1936), Schmitt (1938) concluded from studies of red cell membranes by 
polarization microscopy that they contained lipid molecules arranged 
in bimolecular leaflets with the carbon chains radially oriented. In 1940 
Waugh and Schmitt compared the light reflections of red cell ghosts 
with those of step films of built up monolayers of barium stearate, 
and concluded that the red cell membrane had an upper limit of 
thickness of the order of 200 A with only 50-100 A of this made up of 
lipoids. The remaining material was thought to represent a non- 
lipid component and perhaps an adherent cytoplasmic stromal 
constituent. 

Further support for the pauci-molecular theory was provided by 
certain electrical properties of cell membranes. For example, the 
value of the electrical capacity of cell membranes (~1 wF/cm?*) 
(Cole and Cole, 1936a,b) suggests a thickness of 50-100 A again 
compatible with the theory (Héber, 1945). It is striking that Dean, 
Curtis and Cole (1940) found a capacity of ~1 «F/cm? for a model film 


* It is perhaps worth noting that the surface tension of paraffin oil toward 
water which is 40-6 dyn/em may be lowered to 0-01 dyn/em simply by the 
addition of sodium oleate and sodium chloride. Both these substances as well as 
proteins are present in cells. Therefore, the conclusion that protein is responsible 
for the low surface tension of cell membranes is not necessarily correct (see 
Harkins, 1952, p. 90). 
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consisting of a tanned monolayer of egg albumen and a mixture of 
amyl acetate and lecithin. 

Several other theories of cell membrane structure have been 
proposed. These have included suggestions that the membrane was 
purely protein with pores of molecular dimensions or a mosaic 


Exterior 


Interior 


Fig. 2. Diagram from Danielli and Davson (1935) indicating their 

conception of cell membrane structure. The membrane is repre- 

sented by a layer of lipoid of indefinite thickness with polar surfaces 

oriented toward both the exterior and interior of the cell. These 

polar surfaces are shown covered by monolayers of globular 
protein molecules. 


containing either purely lipid or purely protein in different areas. 
Recently, Danielli (1958) has proposed that the lipoid core of cell 
membranes is permeated by pores lined by protein monolayers 
continuous with inside and outside protein monolayers. Such pores 
might be ~10 A or less in inside diameter but no conclusive evidence 
has yet been put forward for their existence. Certain appearances 
of radial structure in nerve myelin such as those at the arrows ‘‘2” 
in Fig. 25 have been pointed out by E. G. Gray in this laboratory but 
their significance is not as yet understood. 

Mitchison (1952) has suggested that red cell membranes are very 
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thick, (~0-5 my) and contain highly folded protein chains with the 
latter contributing the major part of the radially positive intrinsic 
birefringence. Winkler and Bungenberg de Jong (1941) have presented 
a model for the molecular structure of the erythrocyte membrane 
based on extensive studies of the electrophotetic properties of red 
cell ghosts and the protein ‘“‘stromatin’’ which is left after extraction 
of the lipids. They consider this membrane to be a complex coacervate 
(Dervichian, 1949a) formed by phospholipids, stromatin and ions 
(probably calcium). They believe that the surface of the cells is 
formed by the hydrophobic chains of phospholipid molecules dis- 
tributed mainly as a monolayer. The protein molecules are represented 
as chains directed parallel to the non-polar chains of the phospholipids 
on the cytoplasmic side. There are several difficulties with this model. 
It is not compatible with the finding of Gorter and Grendel (1925) 
which requires two complete monolayers of lipid. Nevertheless, it is 
compatible with the experiments of Mudd and Mudd (1931) in which 
it was shown that erythrocytes are preferentially wetted by oil and 
leucocytes by water. These experiments, however, can be interpreted 
simply by the assumption that the erythrocyte membrane is peculiar 
by having a predominance of hydrophobic protein side chains oriented 
toward the outside at its surface. 

Interfacial films. Cell membranes have certain properties in common 
with interfacial films such as surface tension, cohesion and elasticity. 
There are, however, some important differences. Interfacial films 
between two immiscible substances may be of at least two kinds. 
In one type (e.g. benzene—water) a film is formed which consists of 
relatively immobilized and oriented molecules of each bulk phase 
aligned at the interface. This simple type of film is not capable of 
independent existence and disappears or profoundly alters its com- 
position as the composition of either or both of the two bulk phases 
changes. Another more complicated type of film is formed when a 
substance not soluble in either phase is spread at an interphase 
(e.g. a solid compressed lipid film at an air—water interface). Force— 
area curves of such films (Langmuir, 1917; Harkins, 1952) indicate 
that at certain pressures they may be condensed into a “‘solid”’ film 
in which each molecule occupies a minimal area. At lower pressures 
the films if not confined by a barrier, expand so that the molecules 
occupy progressively greater areas eventually behaving like a two- 
dimensional gas. If the total lipid is extracted from a membrane 
such as that of the red cell, spreading on water occurs (Gorter and 
Grendel, 1925). It seems improbable that the whole isolated mem- 
brane would spread in this way although no experiment with isolated 
red cell membranes proving this is known to the author. 
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The earliest histological studies by light microscopy resulted in the 
observation of a relatively dense line at the surface of cells to which 
the term cell membrane was applied. This structure was apparently 
a continuous sheet of great extension in two dimensions and very 
limited extension in the third. As far as the early observations went 
this sheet could have represented merely an interfacial film of two 
bounding immiscible phases incapable of independent existence. 
However, some cell membranes can be isolated, very nearly if not com- 
pletely, free of cytoplasm or connective tissue components indicating 
relatively stable molecular organization. Hence they are not interfacial 
films of the first simple type mentioned. 

Observations have been repeatedly recorded by cytologists and 
electron microcopists supporting this view. Jones and Barer (1948) and 
Draper and Hodge (1949) studied isolated skeletal muscle membrane 
fragments by electron microscopy. The fragments obtained by the 
former were apparently free of connective tissue components but some 
recognizable constituents of both cytoplasm and connective tissue were 
present on the sheets of membrane isolated by Draper and Hodge. 
The work of Schmitt, Bear and Ponder (1936, 1938) and of Waugh 
and Schmitt (1940) as well as others (see Ponder, 1955) on red cell 
ghosts gave good evidence that these cell membranes could be isolated 
in almost pure form and shown to be a lipoprotein structure ~200 A 
thick. Fragments of the membranes of various cell organelles have 
been isolated and shown to withstand great alterations in aqueous 
environmental media (Watson and Siekovitz, 1956; Palade and 
Siekovitz, 1956a,b). The membranes of nerve fibres are capable of 
resisting such drastic treatment as soaking for 2 hr in distilled water 
without alteration of their internal organization (Robertson, 1958d). 
Cell membranes are, however, dispersed by lipid solvents or emulsi- 
fying agents such as deoxycholate. All these properties are compatible 
with the conception that they contain condensed lipid monolayers 
and suggest the operation of fairly strong cohesive forces in aqueous 
media. 

We will now turn from these classical ideas of cell membrane 
structure to a consideration of the direct contribution made so far to 


this field by electron microscopy. 


Ill. PROBLEMS 


1. Terminology 
It might be supposed at first glance that the cell membrane can 
be easily defined cytologically simply by specifying the layer 
between cytoplasm and connective tissue. However, more than one 
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layer is seen in this region at high resolution, and it is by no means 
obvious which layer should be called the cell membrane. 

The nature of the problem is indicated in Fig. 3. ais a diagram of a 
longitudinal section of a muscle fibre as seen by light microscopy. 
At the highest resolution obtainable by light microscopy the muscle 
fibre is bounded by a dense line ~0-2 w in thickness. Inside of this 
line the sarcoplasm can be distinguished as a region of lower density, 
and outside, the connective tissue may be identified by the presence 
of typical collagenous fibrils and fibres. In 6 the rectangular area 
indicated in a is enlarged to show the structures which are visible by 
electron microscopy at a much higher magnification. The drawing is 
constructed from electron micrographs of muscle fibres fixed in OsO, 
and stained subsequently with PTA like that in Fig. 4. The arrows 
delimit bars placed about 0-2 u apart. Hence any structures included 
between the bars could be included in the definition of the cell 
membrane from light microscopy. Electron microscopists did not 
hesitate to move the lower bar between arrows | up to position 2 since 
it seemed incorrect to include cytoplasmic elements in the cell 
membrane. Furthermore, the external arrow was immediately moved 
down to ‘3’. However, at this point some differences of opinion arose. 
Some microscopists felt inclined to call the thinnest dense line which 
could be seen next to cytoplasm the cell membrane (Bennett and 
Porter, 1953). This definition excluded the light zone and the dense 
layer seen next to the external arrow at position “3” (arrows SM, 
in Fig. 4). The term ‘“‘basement membrane”’ was applied to the outer 
dense layer measuring ~100-200 A across. At first no internal 
struct ire was observed consistently in the dense layer next to 
cytoplasm and this definition of terms seemed not unreasonable, 
However, some microscopists (Ruska, 1954) designated all the 
structures seen between the arrows 3 by the term ‘“‘sarcolemma”’ 
apparently meaning ‘‘cell membrane’’. In other tissues and cells in 
which more differentiated structures were seen in this general location, 
these were included in the term (Roth, 1956, 1957). Robertson (1956c) 
used the non-committal term ‘‘surface membrane complex’”’ for all the 
structures between the arrows ‘‘3”’ since it was not clear at that time 
which layer or layers should be called the cell membrane. Recently 
with the introduction of new techniques and higher practical levels 
of resolution in sections, this problem became more acute. At a 
magnification of about one half to one million times several more 
layers appeared between the arrows ‘‘3”’ as indicated in the diagram. 
Applying the reasoning used before in designating the “‘cell mem- 
brane” as the thinnest dense line observed next to cytoplasm it 
would have been necessary to call the structure included between 
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the arrows 5 the “cell membrane’. Some electron microscopists did 
this (Birbeck and Mercer, 1957). However, the thickness of this layer 
was in the order of 20 A, and it appeared improbable, as noted by 
these authors, that all of the molecular constituents necessary for the 
functions attributed to cell membranes could be included in such a thin 
layer. It seemed more appropriate to designate the structures seen 
between the arrows 4 by the term ‘‘cell membrane’, and this is the 
definition adopted here (Robertson, 1957a, d, 1959a). 

This problem of defining cell membranes first came up in dealing 
with the structures seen between two cells in apposition in parenchy- 
matous or epithelial tissues. Numerous electron micrographs appeared 
rapidly in the literature after 1952 showing the boundary structures 
between two such cells. These boundary structures are indicated 
diagrammatically in Fig. 5. After OsO, fixation (a) with or without 
subsequent treatment with PTA there was consistently observed a 
pair of symmetrical dense lines bounding the cytoplasm of each cell 
separated by an intervening lightly scattering space. This pair of 
dense lines with its intervening light space measured in the order of 
250-300 A across, and the overall structure was referred to by the term 
“double membrane”. Each of the dense lines measured less than 100 
A across, but no consistent internal structures between the dense layers 
were observed. The term “double membrane” was used because it 
was felt that the boundary must include two separate cell membranes. 
However, it was not immediately evident where one cell membrane 
stopped and the other began (Robertson, 1956a; Schmitt and Gesh- 
wind, 1957; Schmitt, 1958). Sjéstrand and his collaborators (Sjést- 
rand and Rhodin, 1953; Sjéstrand and Hanzon, 1954; Sjéstrand, 
1956) adopted a point of view in dealing with this type of structure 
whereby the entire light central zone was considered to represent 
symmetric layers of phospholipid, and the dense layers bounding the 
whole structure as very thin, perhaps monomolecular, layers of 
protein. According to this definition one might suppose that such a 
structure represented the fusion product of two cell membranes in 
contact. Sjéstrand and Rhodin (1953) pointed out that at the base of 
epithelial structures such as the proximal convoluted tubules of the 
kidney, this double membrane structure was split symmetrically into 
two halves where the two cells separated next to connective tissue. 
The light zone bisecting the ““double membrane” was then distributed 
along the external boundary of each of the two cells and was bounded 
externally by the basement membrane as indicated in the diagram 
(Fig. 5a). If Sjéstrand’s point of view were correct it would seem 
logical to suppose that the same low-density lipid component was 
present between the basement membrane layer and the cell surfaces. 
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Fig. 3. Diagram of skeletal muscle fibre as seen by light microscopy 

(a). The rectangular area in (a) is enlarged to the right in (b) to 

show the structures shown by electron microscopy. The portion 

of the surface included in the brackets in (b) is enlarged further to 
the left in (c). Compare (b) with Fig. 4. 


«+f. 


Fig. 4. Micrograph of small segment of the surface of a skeletal 
muscle fibre showing a thin layer of sarcoplasm (sare.) and a 
portion of, a myofibril. The surface membrane complex (SM) 
measuring several hundred angstroms in thickness is shown between 
the arrows. Collagen fibrils (c.f.) cut in various orientations are 
seen outside the muscle fibre. Between the collagen fibrils there 
are scattered irregular interstitial filaments (f) less than 100 A in 
thickness. This preparation was fixed in OsO, and stained fairly 
heavily with phosphotungstic acid. Compare with Fig. 3(b). 
SO,000, 
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(b) 
Fig. 5. (a) The appearance of two adjacent epithelial cells at their 
junction with connective tissue as seen by older techniques utilizing 
OsO, fixation and PTA staining. A distinct basement membrane 


(b.m.) lies between the cells and connective tissue consisting of 


collagen fibrils (c.) and interstitial filaments (i.f.). The cell mem- 
branes appear as dense lines bordering cytoplasm (cyt.) and a light 
zone is seen between them which is continuous with a light zone 
between the basement membrane and the free edges of the cells. 
In (b) the appearance of the same structure by newer techniques 


is shown. Each of the cell membranes now appears as a pair of 


dense lines making a unit about 75 A across. The light zone 
between the membranes contains a delicately granular or fibrilar 
substance which grades imperceptibly into a region corresponding 
to the basement membrane where this material sometimes appears 
to be concentrated. It then grades off again imperceptibly into the 
intercellular region. This material probably represents inter- 
cellular ground substance and collagen fibrils are contained within 
it outside the basement membrane layer. The appearance in (b) 
is fairly typical of tissues fixed with potassium permanganate, 
although quite often there is no visible increase in density at the 
basement membrane layer like that shown. 
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Since its boundary was not seen in the “double membrane”’ it could 
be argued that it was also not being seen at the free surfaces of the 
cells. 

A very different point of view was adopted by Porter and Palade 
(1957) in dealing with the double membrane structures of the same 
general appearance forming the endoplasmic reticulum in cells. 
Here the concept of a free space between two membrane components 
was developed leading finally to a conception of circulation of material 
between the membranes with the ‘‘cisternae’’ between the two 
membranes serving as a kind of intracellular circulatory system. 
According to Sjéstrand’s conception of double membrane structure 
there would not be enough space between the apposed membranes to 
allow this since he regarded essentially all of the light interzones as 
lipid. Porter and Palade tended to regard the thin dense line as the 
whole membrane. Neither view was entirely correct, and there is now 
ample evidence to show that in fact only part of the membranes were 
shown up after OsO, fixation. Part of the light zone did belong to the 
membranes but there is still much more space between them than 
Sjostrand supposed—enough to allow the fluid movements postulated 
by Porter and Palade. 

So-called ‘‘double membrane” structures such as this between 
closely apposed cells now appear at higher magnification after 
permanganate fixation as in Fig. 6. This micrograph shows the 
boundary between two smooth muscle cells in mouse intestine. The 
cytoplasm of each adjacent muscle cell is indicated. It will be noted 
that where single dense lines were observed before, there are now seen 
pairs of much thinner parallel dense lines each making a unit about 
75 A across. Each of these units is separated by a space of low density 
~100-150 A across, and the whole structure measures ~250-300 A 
across as in the earlier preparations. Intercellular boundaries like 
that in Fig. 5(a) thus now appear by this newer technique as in 
Fig. 5(b). Once such structures as this began to appear in electron 
micrographs the term ‘‘double membrane” became confusing, since 
what had been called a “double membrane”’ at low magnification now 
appeared as two “‘double membranes” or a ‘‘quadruple membrane”. 
To avoid this difficulty in terminology the pair of dense lines bounding 
each cell making a unit about 75 A across is referred to simply as a cell 
membrane or in a more general sense a “‘unit’’ membrane. The 
intervening space is considered to contain extracellular material and 
not to be occupied by lipid as supposed by Sjéstrand (see below). 
It seems reasonable now to drop the old term “‘double membrane” in 
favour of some new expression such as “‘paired membrane structure”’ 
or ‘compound membrane”’ (see Robertson, 1959a). 
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Fig. 6. Section of a portion of the boundary between two smooth 


muscle cells in mouse intestine. Sarcoplasm (sarc.) lies above and 

below bounded by the membranes of each muscle cell indicated by 

the alined arrows. A “gap” of about 100 A width is present between 

the two cell membranes. Both these cell membranes and the gap 

between them together would have been referred to as a “double 

membrane” until recently. This entity is now referred to as a 
“paired membrane structure.” £00,000, 
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The nature of the constituents present between two closely apposed 
cells was considered in some detail by Schmitt and Geschwind (1957) 
at a time when there was no definitive reason to believe that Sjést- 
rand’s conception of the structure of so called ‘“‘double membranes” 
was incorrect. The evidence for the different view presented here is 
based mainly on studies of nerve ultrastructure which will now be 
presented. 


2. The Ultrastructure of Peripheral Nerve Fibres 


2.1. Introduction. From classical histological studies of peripheral 
nerves two major groups of fibres were distinguished, “‘myelinated”’ 


axon - Schwann 
Membrane 


Fig. 7. A Schwann cell (Sch.) is shown with four associated axons. 
Axon (a) is incompletely surrounded by the Schwann cell. Axons 
(b) and (ce) are almost completely surrounded and axon (d) is 
completely enveloped. The membranes of the two lips of Schwann 
cytoplasm enveloping it make a paired membrane structure called 
a “‘mesaxon”’ (m). The rectangular area is enlarged to the right 
to show the unit membrane structures and the intervening ~100— 
150 A gap containing intercellular material. 
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and “‘unmyelinated’’. The term ‘‘Remak fibre” is sometimes used for 
unmyelinated fibres, or more particularly for autonomic nerves. 
Before the electron microscope was applied, unmyelinated fibres were 
thought to consist of axons closely associated with Schwann cells, 
and it appeared that some of the axons were completely contained 
within syncytial tubes of Schwann cytoplasm. The latter conception 


Fig. 8. Diagrams illustrating the development of nerve myelin 
(myl.). (a) shows the earliest stage. Here a small axon is enveloped 
by a relatively large Schwann cell (Sch.) to make a protofibre. The 
combination of the unit membranes (u) to make a mesaxon (m) and 
the axon—Schwann membrane (ax—Nch.) are shown. At the earliest 
stages the gap between the unit membranes is sometimes present. 
(b) shows an intermediate fibre. Here the unit membranes of the 
mesaxon and to some extent of the axon have come together with 
a closure of most of the gap. Their line of contact is the future 
“intermediate line’ of myelin. (c) shows a later stage in which 
a few layers of compact myelin have formed by contact of the 
cytoplasmic surfaces of the mesaxon loops to make the major dense 
lines of myelin. 


was radically revised when Gasser (1952, 1955, 1956) presented the 
first electron micrographs of unmyelinated nerve fibres. He showed 
that Schwann cells and axons were completely separate structures 
bounded by membranes. The axons are merely embedded in deep 
troughs in the surfaces of Schwann cells whose membrane retains its 
continuity around the embedded axons as indicated in Fig. 7. The 
lips of Schwann cytoplasm come together around the embedded axons 
and their bounding membranes form a paired membrane structure 
which Gasser called a ‘“‘mesaxon’’, by analogy to the mesentery sus- 
pending the intestine in the coelom of vertebrates. No exception to this 
general relation between axon and satellite Schwann cells has yet been 
found in peripheral nerves. It is not yet clear how far one 
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Schwann cell extends along the length of the associated axon, but it is 
probable that successive Schwann cells are very closely associated. 
Gasser showed in a serial reconstruction that axons change position 
from one satellite cell to another as they proceed peripherally. 

The next important step was due to Geren’s observations (1954, 
1956), on the formation of myelin in chick embryonic nerves. She 
found that in some nerve fibres the mesaxon formed an elongated 
spiral around the axon as indicated in Fig. 8. Geren suggested that 
adult myelin might simply consist of a very long and closely packed 
mesaxon spirally wrapped around the axon. Shortly after this, outer 
and inner mesaxons were observed by Robertson (1955) in adult 
vertebrate nerve fibres (Fig. 8 (c)) supporting Geren’s postulate. The 
relationship between the myelin layers and the Schwann cell mem- 
brane seemed of considerable general interest in a study of membrane 
structure, and the results of further investigations (Robertson, 1957a; 
1958a; 19585) will now be considered in some detail. 


2.2. Development of Peripheral Nerve Fibres 


a. Myelinated nerve fibres. In sciatic nerve fibres of the mouse, the 
development of the myelin sheath can be followed during the first 
two weeks after birth. Figure 9 is a low power survey micrograph of 
a young mouse sciatic nerve in cross-section. The stages in the 
formation of myelin seen here and in Figs. 10, 11 and 12 are repre- 
sented by three groups of fibres: (1) protofibres (P); (2) intermediate 
fibres (1); and (3) myelinated fibres (M). The protofibres consist of a 
single axon surrounded by a single satellite Schwann cell as in Figs. 
8(a) and 10 (Geren, 1954; Robertson, 19586). In these fibres the axon 
may be seen only partially surrounded by the Schwann cell or com- 
pletely embedded with a mesaxon of variable length. Intermediate 
fibres are seen in Figs. 8(b), 9(1) and 11. In these fibres, corre- 
sponding to the later stages observed by Geren, the mesaxon is 
elongated about the axon to varying degrees. In some instances 
several mesaxon loops are observed. At a later stage the mesaxon 
loops come together along their cytoplasmic surfaces to make compact 
myelin as in Figs. 8(c), 9(M) and 12-16. 

At high magnification certain important details of the organization 
of developing myelinated fibres appear. The surface membrane of the 
Schwann cell after permanganate fixation has a characteristic internal 
structure and relatively constant dimensions. It consists of a pair of 
dense lines measuring about 20 A across separated by a light interzone 
about 35 A wide making a unit structure about 75 A across (Figs. 
17, 15-16) (Robertson 1957a, c—e, 1958a, 1959a, 1959b). 

The appearance of the Schwann cell membrane in these micrographs 
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is exactly comparable to the appearance of the ~75 A unit membrane 
structure seen at the surface of smooth muscle cells in Fig. 6. At all 
stages of development the structure appears the same and no signi- 
ficant differences in its measurements have yet been detected. 

Adult Schwann cells show precisely the same structure as indi- 
cated in the through focus micrographs in Figs. 17a—c (Robertson, 
1958b). It will be apparent from an examination of the three micro- 
graphs that the measurement of the thickness of the membranes is 
very sensitive to the state of focus in the image. In underfocused 
micrographs (a) the apparent thickness of the membrane increases to 
~100 A, and the thickness of each component dense line is increased. 
The thickness decreases to ~75 A as focus is approached (b) and the 
bordering dense layers become thinner. Although it is not apparent in 
these micrographs, the contrast between the dense layers and the light 
central zone decreases as focus is approached. In over focused images 
as in (c) a spurious effect is found in which the structure is converted 
to three dense lines and two light zones. These variations in the 
appearance of the membrane structure probably result from Fresnel 
fringe effects as well as phase contrast effects. Therefore, it is not 
possible to state with complete certainty the meaning of the image in 
terms of centres of electron scattering power. The slightly under- 
focused image is somewhat arbitrarily chosen as representative of the 
structure, but because of the residual uncertainties the dimension of 
the membrane is given only as an approximate figure. Furthermore, 
there is an error of 5-15 per cent due to calibration of the magnification 
of the electron microscope. 

The ~75 A unit membrane structure can be traced directly into 
the mesaxons of intermediate and fully myelinated fibres as indicated 
in Figs. 11, 14-16 (Robertson 1957a, 1959a). Here the two unit 
membranes form a paired membrane structure measuring about 150 A 
across. A gap measuring about 50 A or less in width is sometimes 
present between the two unit membranes, but more often than not they 
are found to be in contact throughout the mesaxon of intermediate 
fibres (Fig. 11). Furthermore, the two unit membranes at the axon— 
Schwann boundaries as indicated in Fig. 11 are also in contact in some 
regions.* At a slightly later stage of development the mesaxon loops 
come together along their cytoplasmic surfaces to make compact 
myelin as shown in Figs. 8(c) and 13—16. In Fig. 15 thirteen mesaxon 
loops have come together to make thirteen myelin lamellae. These 
are spaced at a period of about 130 A and the dense and light zones of 

* Paired membrane structures such as this in which the two units are in 


contact along their outside surfaces are referred to by the term “external com- 
pound membrane”’ (Robertson, 1958b). 
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the unit membranes composing the original mesaxon can still be seen. 
However, the dense zones have lost their distinction as separate 
entities and appear instead as single, albeit thicker, fused lines. 
The two outside surfaces of the unit membrane make a fairly dense 
line bisecting each repeating lamella. The two cytoplasmic surfaces 
in contact make a rather more dense line as shown at the arrow. 
This heavy dense line is spoken of as the ‘‘major dense line’ and 
the less dense line bisecting the lamellae as the “intermediate 
line’’. 

In adult fibres the same membrane relationships are retained. In 
Fig. 16 an outer mesaxon in an adult fibre is shown. Here the outer- 
most major dense line splits as the mesaxon leaves the compact myelin 
structure, and the two unit membranes are reflected to form the 
boundaries of Schwann cytoplasm. The intermediate line also splits 
as the Schwann cell membranes part at the outer end of the mesaxon. 
It is clear then that a direct structural continuity between each of 
the strata of the ~75 A unit membrane of Schwann cells and each of 
the strata of nerve myelin has been proven. The implications of these 
membrane relationships will be elaborated upon after the X-ray 
diffraction findings on myelin are discussed further on. 

b. Unmyelinated nerve fibres. Figs. 12 and 18-22, show develop- 
ing unmyelinated fibres (Robertson, 1958d, 1959d). It is difficult 
to be certain about the differentiation of the young unmyelinated 
fibres from the youngest protofibres destined to become myelinated. 
After the mesaxon has elongated in a partial loop about the axon one 
can feel certain about the differentiation of the myelinating fibres, 
and it is noted that in such cases there is usually a one-to-one relation- 
ship of axons to Schwann cells. This may be used as a criterion for 
differentiating the early protofibres. However, this criterion is not 
absolute since in rare instances one sees adult fibres like that in 
Fig. 23 in which a myelin sheath encloses a bundle of axons (see 
Geren, 1956). The ‘“‘future’” unmyelinated fibres characteristically 
show several axons in relation to each Schwann cell and frequently 
several Schwann cells are in apposition with one another. The 
developing unmyelinated fibres can be grouped into three different 
types. First there is a type resembling the adult form and shown in 
Fig. 12(y) (Robertson, 1959d) in which a single Schwann cell with 
abundant endoplasmic reticulum is seen having three separated axons 
embedded in troughs in its surface. This type resembles the adult 
type and in fact may represent a later stage of differentiation. Another 
type (Figs. 12(8) and 18 consists of one or more Schwann cells sur- 
rounding nests of axons. The axons vary in size and scattered among 
them are round profiles which may be as small as 500 A in diameter. 
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These small profiles sometimes appear more dense than the sur- 
rounding cytoplasmic areas. Their identification is uncertain. Some 
of them are considered to be evaginations of the Schwann cell surface, 
and some may represent growing tips of young axons. This type of 
developing unmyelinated fibre resembles adult olfactory nerve fibres 
(Gasser, 1956). Another type of developing unmyelinated fibre is seen 
at « in Figs. 12 and 21. Here one sees aggregates of apparent axons 
and small round profiles which are partially covered by at least two 
separate thin sheets of Schwann cytoplasm which do not meet to 
enclose the axons completely. 

At higher magnification as indicated in Figs. 21 (insets) and 22 one 
frequently observes the unit membranes of the axons and Schwann 
cells of young developing unmyelinated fibres in contact with one 
another with obliteration of the intermembrane gap. These membrane 
contacts resemble those seen in developing myelinated fibres, and are 
considered to be significant. It is possible to attribute some of them 
to compression during sectioning but they cannot all be accounted for 
in this way. In Fig. 22 for instance closed gaps are seen at right 
angles. About two weeks after birth as in Figs. 19 and 22 the gaps 
are open as in adult fibres. 

Whatever may be the underlying mechanism it is clear that in 
both developing myelinated fibres and unmyelinated fibres cell 
contacts are observed which are much more intimate than those 


generally seen in such paired membrane structures of adult tissues. 
In the developing nerve fibres intermembrane separations of ~15 A 
or less are evident while in adult fibres the same kinds of membranes 
are separated by 100-150 A. This difference is clearly important. 
One wonders whether such intimate membrane contact may occur 
between cells in tissue cultures in regions of ‘‘contact inhibition” 
(Abercrombie and Haeysman, 1954; Abercrombie, 1958; Weiss, 1958). 


3. Comparison of OsO,- and KMnO,-fixed Fibres 


Historically OsO, preceded permanganate* as a fixative in electron 
microscopy, and was used by Fernandez-Moran (1950, 1954) in 
obtaining the first micrographs showing the myelin period. In 1950, 
he succeeded in cutting sufficiently thin frozen sections of OsO, fixed 
myelinated fibres to resolve a layered structure in the sheath. He 
found heavy dense lines repeating radially at a period of about 60-80 A. 
The lines appeared symmetrically dense in these early micrographs. 


* Actually KMnO, was known to be a good fixative for myelin from the work 
of W. J. Schmidt (1936) and it was discussed by Ménckeberg and Bethe as a 
histological fixative in 1899. It was not used, however, in electron microscopy 
until its rediscovery and introduction by Luft (1956). 


Fig. 9. Low-power survey micrograph of developing mouse sciatic 


nerve fixed in potassium permanganate. All stages in the formation 

of nerve myelin are illustrated. Several protofibres (P), inter- 

mediate fibres (1) and young myelinated fibres (M) are shown. 

Some endoneurial cells (EK) containing abundant endoplasmic 
reticulum are present. 9,000, 


Fig. 10. Young mouse sciatic nerve showing three protofibres (P) 


with mesaxons of varying length. 22,000. 
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Fig. 11. Higher magnification view of an intermediate myelinating 


fibre with a mesaxon (m) elongated into almost two complete loops 


about the axon. Note the strata of the surface membrane and 
mesaxon (m) of the Schwann cell (Sch.). 130,000. 


Fig. 12. Section of developing mouse sciatic nerve showing particu- 
larly unmyelinated fibres but also several stages in the develop- 


ment of myelinated fibres. A few protofibres (p) and myelinating 
fibres (M) are seen. Three different kinds of developing unmyelin- 


ated fibres x, and y may be distinguished. Endoneurial cells (E) 
with abundant endoplasmic reticulum are also seen. 7,000, 
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Fig. 15. Young myelinating fibre from a developing mouse sciatic 

nerve in which thirteen layers of myelin have formed. Note the 

continuity of the outer and inner mesaxons (m). The relatively 

abundant Schwann cytoplasm (Sch.) shows components of the 

endoplasmic reticulum (ER) and a granule (g) of unknown sig- 
nificance. 90,000. 
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Fig. 16. Portion of adult frog sciatic nerve fibre showing an outer 

mesaxon in which the densities of its component unit membranes can 

be traced directly into myelin. Note that the major dense line is 

formed by the apposition of the cytoplasmic surfaces of the mesaxon 

loops. Schwann cytoplasm lies to the left (Sch.) and axoplasm (ax) 
to the right. » 120,000. 


Fig. 17. Segment of a Schwann cell surface membrane in frog 

peripheral nerve in three states of focus. (a) is slightly under focus, 

(b) is nearly in focus, (¢) is over-focused. ‘The membrane measures 

~75 A across. (b) Its apparent thickness is increased in (a). In 
(c) a completely spurious image is obtained. — 280,000. 
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Fig. 18. Developing 2 day old mouse unmyelinated fibre of the 


p-type showing a single Schwann cell enveloping a group of axons 
and small round profiles. Note the absence of the paired membrane 


gaps in some places. 31,000. 


Fig. 19. Developing unmyelinated fibre from 16 day old mouse 

nerve. Here a large Schwann cell is shown with several separate 

invaginations containing axons and small round profiles. The 

paired membrane gaps are usually present at this stage of develop- 

ment as can be seen in the area from this figure marked by the 
rectangle and enlarged in Fig. 20. 12,000. 
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Fig. 20. Enlargement of the rectangular area marked in Fig. 23. 

A portion of an axon and the Schwann cell (Sch.) and two of the 

round profiles are shown. Note the gaps between the ~75 A unit 
membranes bounding all these structures. 200,000. 
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Fig. 21. Section of a developing unmyelinated fibre in young (1 day 


old) mouse sciatic nerve. Several axons (ax) are partially enveloped 
by areas of Schwann cytoplasm (Sch.). 


Between the axons are 
numerous small round profiles (p) which are not completely identified 


at present. Note that the Schwann cell and axon membranes are 
occasionally in contact as indicated in the rectangles enlarged to 
the left. » 27,000; inset, = 155,000. 
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Fig. 22. Portion of a cross-section of a developing unmyelinated 
fibre in mouse sciatic nerve showing two axons in contact with one 
another and with a Schwann cell (Sch.) below. Note the closure of 


the gaps between the unit membrane pairs here running perpendi- 


cular to one another in the section. 130,000, 
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Fig. 23. Section of a myelinated fibre seen in adult mouse sciatic 


nerve. Here a number of axons and small round profiles are 

enclosed by a single Schwann cell with a well-defined myelin sheath. 

The outer mesaxon is not visible but the opened out inner mesaxon 

is distinguishable near the arrow. Fibres such as this are seen 
very infrequently. «32,000. 
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Soon after this Sjostrand (1953) obtained sections of OsO, fixed 
myelinated fibres embedded in methacrylate which also showed 
dense lines repeating radially at intervals of about 60 A. However, 
in this case while every other line was a heavy solid line like the ones 
seen by Fernandez-Moran, the alternate layers were very thin and ir- 
regular. Occasionally they appeared broken up into dots or granules. 
The true period then in Sjéstrand’s micrographs was about 120 A. 
His pictures were like that in Fig. 24,a. Subsequently this type of 
periodic repeating structure has been observed many times in OsO, 
fixed material (Fernandez-Moran, 1954; Robertson, 19576; Fernandez- 
Moran and Finean, 1957). The broken intermediate dense lines of 
Sjostrand are not always seen clearly after OsO, fixation. Sometimes 
only the heavy major dense lines can be distinguished though the 
period is the same. 

After fixation in potassium permanganate (Fig. 24,5) the picture 
obtained from myelin resembles closely the one observed after OsO, 
fixation (Fig. 24,2). Again heavy dense lines ~30 A across are seen 
repeating radially at a period of about 120 A. Between each of these 
heavy lines there is a less dense line of about the same width. This 
intermediate line is not broken up as in the case of OsO, fixation. 
It is just as regular as the major line though of less density. If 
the fixation in potassium permanganate is prolonged to seven 
hours or more, the density of the intra-period line increases and 
becomes equal to that of the major dense line (Fig. 24,c) (Fernandez- 
Moran and Finean, 1957; Robertson, 1957e). It was shown above 
that the major dense line originates from apposition of the cyto- 
plasmic surfaces of the mesaxon loops during development. The 
intraperiod lines originate from the contact of the outside surfaces 
of the unit membranes of the mesaxon. These relationships were 
demonstrated above in adult nerve fibres fixed in KMnO, (Fig. 
16). The same general relationships can be demonstrated in fibres 
fixed in OsO, (Fig. 25). Again the major dense lines may be shown 
to originate by the apposition of the cytoplasmic surfaces of the 
Schwann cell membranes composing the mesaxon. However, the 
intraperiod lines after OsO, fixation are inconsistent, and it has 
not yet been possible to trace these layers into the mesaxons of either 
adult or developing myelinated fibres by this technique. Similarly 
the outside half of the unit membrane structure is not usually seen 
at the free edge of Schwann cells after OsO, fixation. In a few cases 
the Schwann cell membrane does, however, measure ~50—100 A in 
thickness, and occasionally it can be seen divided into two separate 
dense layers bordering a light zone resembling those seen after 
permanganate fixation. 
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Even though the outside stratum of the unit membrane at free 
cell surfaces is not always demonstrable in OsO, fixed preparations it 
is always present in myelin. This is shown by the regularity of the 
~120 A spacing between the major dense lines. The lamellae are not 
subject to marked compression during sectioning as one might expect 
if some membrane strata were missing. Marked compression of the 
lamellae during sectioning does occur if some component is extracted. 
Fernandez-Moran and Finean (1957) extracted myelin with acetone 
before fixation with OsO,. They found regions in which the light strata 
between the dense lines of the lamellae were greatly reduced in width 
bringing the relatively unaltered dense strata into close apposition. 
This finding suggested that the compressed light strata contained 
lipid which was extracted by the acetone. 

Fig. 26 is a section of methacrylate-embedded myelin from a nerve 
fixed only by placing it directly into absolute alcohol containing 
1 per cent PTA. In some regions, mainly parallel to the sectioning 
direction, a pattern of dense strata of alternating intensity resembling 
intact myelin is seen but in others the dense strata are much closer 
together because of compression during sectioning. Alcohol is known 
to extract lipids from myelin. PTA alone is known to be capable of 
fixing the protein filaments of muscle but does not seem to fix purified 
lipids. The dense layers in Fig. 26 may then be presumed to represent 
primarily protein and the reduction in their spacing perpendicular 
to the sectioning direction to be due to the absence of a lipid com- 
ponent. This finding along with that of Fernandex-Moran and Finean 
supports the view that the dense strata in myelin and those in cell 
membranes represent primarily protein and the light strata lipid 
though the point is not proven. 


4. Polarization Optical and X-ray Diffraction Studies of Nerve Myelin 


The properties of nerve myelin viewed in polarized light have been 
studied repeatedly (Valentine, 1861; Ambronn, 1890; W. J. Schmidt, 
1936a, 6; Chinn and Schmitt, 1937; Schmitt and Bear, 1939; Frey- 
Wyssling, 1953; Engstrom and Finean, 1958). Valentine noted 
that the myelin sheath showed radially positive birefringence and 
Ambronn (1890) and W. J. Schmidt (19365) showed that the sign of the 
birefringence reversed after treatment with lipid solvents. Schmidt 
also showed that the sign of the birefringence reversed after treatment 
with KMnO, (1936a) and OsO, (1938). He believed the radially 
positive birefringence to be due to lipids arranged in thin layers 
with the long axes of the lipid molecules radially oriented. Between 
these layers he believed there were protein layers with the long axes 
of the molecules tangentially oriented. This configuration explained 
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Fig. 24. In (a) the appearance of myelin after fixation with OsO, 
is shown. Note the irregularity of the intraperiod line (i) as com- 
pared with the major dense line (m). After fixation in potassium 
permanganate for about 3 hr a similar structure is seen but the 
intraperiod lines are more regular and prominent as indicated in (b). 
If fixation in permanganate is prolonged to six or more hours the 
intraperiod lines and major dense lines become indistinguishable 
as indicated in (¢). 700,000. 


Fig. 25. Segment of OsO, fixed myelin showing an outer and inner 
mesaxon (m) and fairly thick layers of outer and inner Schwann 
cytoplasm (Sch.). Note that the intraperiod lines are very indis- 
tinct and that the major dense lines are formed by apposition of 


the cytoplasmic surfaces of the mesaxon loops (arrow 1). The 


radial densities running through the myelin at arrows 2 are of 
undetermined significance. 90,000. 
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Fig. 26. Portion of a fragment of myelin placed in a solution of 1% 


phosphotungstic acid in absolute alcohol immediately after removal 
from the animal. Most of the myelin was extracted but in some 
regions the lamellae could be seen with heavy dense lines repeating 
at about 150 A. In some regions the lines are compressed together 
and the difference between alternate lines is no longer seen. In such 


regions (insets) the spacing is in the order of 50 A. Methacrylate 
embedded. 150,000; insets, 250,000. 
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the fact that the sign of the birefringence reversed rather than simply 
disappeared after extraction of the lipids. Chinn and Schmitt studied 
myelin after extraction with lipid solvents and showed that the re- 
maining negative birefringence was of the form type since it varied 
in magnitude in media of different refractive indices and approached 
zero in one medium. Schmitt and Bear developed a method for 
measuring the birefringence of myelin quantitatively, and the 
findings agreed essentially with the conclusions of W. J. Schmidt. 

Thus at the time myelin was first studied by X-ray diffraction 
certain important conclusions had been reached regarding its mole- 
cular structure. It seemed probable that it contained concentric 
alternating layers of radially oriented lipid molecules with tangentially 
oriented layers of protein between them. It is interesting that 
Nageotte (1909) had noted that myelin tends to split up into very thin 
concentric lamellae in certain histological preparations. No-one knew 
the thickness of the alternating molecular layers except that it must be 
small compared with the wave length of light. The first X-ray diffrac- 
tion patterns had been obtained from myelin by Boehm in 1933. These 
were wide angle patterns which could only give information about 
intermolecular distances in the range of ~10 A. Spacings of ~4-8 
and 11 A were found but these shed no significant new light on the 
thickness of the proposed concentric lamellae. It was necessary to 
record small angle diffractions giving information about larger 
repeating units in the range of more than the length of one lipid 
molecule. Schmitt, Bear and Clark (1935) succeeded in doing 
this, and found diffractions which appeared to be orders of a funda- 
mental repeat unit in the radial direction of 171 A for frog peri- 
pheral nerve and 186 A for mammalian peripheral nerve. Schmitt, 
Bear and Palmer (1941) obtained diffractions from dried nerve leading 
to an estimate of the amount of water present in myelin which they 
believed to account for about 20 A of the repeating period. They also 
obtained diffractions from an alcohol-ether extract of nerve showing 
the presence of lipid layers repeating at a period of 66 A when dried, 
and up to twice this spacing when hydrated. They interpreted these 
findings as being due to the presence of bimolecular leaflets of mixed 
lipids which added water between their apposed surfaces upon 
hydration so as to give the increased spacings. The authors reasoned 
that the myelin repeating unit probably contained two bimolecular 
leaflets of lipid with monolayers of protein interspersed in several 
possible ways indicated for instance in Fig. 27 (for a more recent study 
see Finean, 1953, 1958). 

Malkin (1933) showed that lipids with an even number of carbon 
atoms could exist in different polymorphic forms giving different 
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X-ray repeating periods depending on temperature. Finean (19530) 
has studied such polymorphism in phospho-lipids and concluded that 
the different spacings are due to the zig-zag configuration and inter- 
actions of the terminal methyl groups and polar groups in agreement 
with Malkin. These result in a tilt in the alignment of the lipids away 
from the normal to the bimolecular leaflets in each layer. The degree 


Fig. 27. Diagram taken from Schmitt, Bear and Palmer (1941) 
indicating several possible molecular configurations for the unit 
repeating structure measuring 180 A across detected in nerve 
myelin by X-ray diffraction. 


of tilt depends on temperature between the freezing and melting 
points and at lower temperatures the spacing increases due to a 
reduction of tilt. 

Changes in the X-ray diffraction patterns of myelin have been 
studied extensively by Elkes and Finean (1949, 1953a, 6), and by 
Finean (1953a). They recorded a number of changes occurring with 
such physical modifications as freezing, thawing, drying and changes 
in temperature. These are summarized in Fig. 28 taken from Finean 
(1953a). Upon drying fresh nerve the period of 171 A is reduced to 
~148 A. This reduction is probably not due entirely to the removal 
of water, but may also involve tilting of lipid molecules (Finean, 
1956, 1957, 1958). If the maximum thickness of the lipid bimolecular 
leaflets is assumed to correspond to the maximal diffractions obtained 
from extracted nerve lipids 132 A of the 148 A could be taken up by 
two bimolecular leaflets of lipid. This would only leave 16 A for 
another component. However, it appears unlikely that the lipids in 
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myelin are present in their fully extended states since there would 
hardly be enough room then for two bimolecular leaflets but too 
much for only one. Finean believes that the lipids are arranged with 
their non-polar chains approximately straight but with the polar 
ends of the molecules curled around so as to enter into complexes 
with cholesterol. The length of the cholesterol molecule fully extended 
can be fitted into the structure so that it is associated with the 
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Fig. 28. Diagram from Finean, 1953 indicating changes in nerve 
myelin detected by X-ray diffraction after the various procedures 
indicated. 


fully extended non-polar chains of the phospholipids in the proper 
position to associate with the amino groups on the phosphotidy] 
moieties. Finean (1953) thus postulates that the phosphotidyl base 
moiety of the phospholipid is curled around toward the cholesterol 
molecule as indicated in Fig. 29. The cholesterol could then fulfill a 
stabilizing function holding the phospholipid molecule in this curled 
configuration. The phosphate group would be in a position to associate 
with hydrophilic protein side chains. An assumption such as this 
makes it possible to fit longer phospholipid molecules into the structure 
than can otherwise be accommodated with ease. Finean (1957) 
states that more than 90 per cent of the lipid in myelin can be ac- 
counted for by phospholipid, cholesterol and cerebroside present in 
molecular ratios of about 2: 2:1. The length of the cerebroside 
molecule is less than that of most of the phospholipids present and 
so it is not necessary to postulate curling to fit it into the structure. 
Finean concludes that the bimolecular leaflets of lipid in the intact 
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fresh amphibian myelin structure probably measure about 55 A 
across. If each polar surface of these bimolecular leaflets is considered 
to be covered by a monolayer of protein occupying about 15 A the 
repeating unit of 171 A will then be about filled (see Fig. 30). It is 
possible to fit a certain amount of water into this structure as bound 
water, and it may be that all of the water present in myelin (Finean 
1952) can be accounted for in this way. In keeping with this Finean 


Fig. 29. Diagram from Finean, 1953 indicating a possible relation- 
ship of phosphatidyl ethanolamine to cholesterol in compact 
myelin. To the left the formulae of phospholipid and cholesterol are 
drawn and to the right molecular models of these two molecules are 
indicated. The polar end of the phospholipid molecule is curled 
around toward the polar end of the cholesterol molecule. 


and Millington (1957) found that there is no contraction of the myelin 
structure in hypertonic Ringer solutions. In fact there is a slight 
expansion. They take this as evidence that there is no free water in 
myelin. This does not take into account Schmidt—Lanterman clefts 
in which considerable free water might be located (Robertson, 1958). 
On all these considerations Finean accounts for the radial repeat unit 
in myelin by assuming the molecular structure presented in Fig. 30. 
Without the addition of the dense line labelled “difference factor’’ 
it is apparent that a structure such as this is symmetrical and it 
would be expected that the X-ray repeating unit would measure half 
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the value observed. It is for this reason that Finean inserts an un- 
known factor which he calls the ‘difference factor’. 

It should be realized that this particular molecular configuration 
advanced by Finean is simply one of several models which could be 
chosen to fit the diffraction data. It is a reasonable model and one 
supported by considerable evidence, but does not result from a 
complete solution of the diffraction problem and hence is to a con- 
siderable extent speculative. Inferences made in the following about 
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Fig. 30. Diagram from Finean, 1957b showing the arrangement 
of the various constituents which he considers to be present in the 
171 A repeat unit. The “difference factor’ is indicated here by a 
heavy line. The entire region around this line including the adja- 
cent layers of protein and part of the lipid layers corresponds to the 
“intermediate line” seen in myelin by electron microscopy. 
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the molecular structure of cell membranes can, of course, be no less 
speculative, at least in so far as they are based on X-ray analysis. 

Changes in the diffractions obtained from myelin occur after 
fixation with OsO, (Finean, 1954; Fernandez-Moran and Finean, 
1957). First there is a shrinkage reducing the period to about 150-160 
A. After alcohol dehydration there is a further shrinkage to about 
130 A. After embedding in methacrylate the structure re-expands to 
about 150 A. Less shrinkage occurs after permanganate fixation but 
the intensity of the second order diffraction becomes dominant. 
When either permanganate or OsO,-fixed myelin is examined with 
the electron microscope after sectioning very dense lines repeating 
radially at a period of about 120 A are seen as discussed already. 
It seems clear that the ~120 A repeating unit represents the repeating 
unit detected in fresh myelin if the shrinkage occurring within the 
electron microscope is taken into account (Robertson, 1956a; Finean, 
1958). 

There is now no reasonable doubt that the ~120 A radially repeat- 
ing unit seen in myelin by electron microscopy represents the 
~170-185 A repeating unit detected by X-ray diffraction. This 
conclusion was implicit in Geren’s original spiral myelin hypothesis 
(1954). It was necessary, however, to show that no extramembraneous 
components were added either between the inside or the outside 
surfaces of the membranes as compact myelin formed. The former 
possibility was eliminated when the junctions of outer and inner 
mesaxons with compact myelin were seen in adult myelin (Robertson, 
1955; Geren, 1956) and it was shown that the ~30 A wide major 
dense lines originated by union of the cytoplasmic surfaces of the 
mesaxon loops, leaving very little if any room for an added cytoplas- 
mic macromolecular component. There still remained a possibility 
that some important extramembraneous component was added 
between the two outside surfaces of the Schwann cell. This was only 
recently eliminated (Robertson, 1957a) when it was possible to trace 
the splitting of the intraperiod lines as the mesaxons left myelin, 
and to follow continuous outer membrane layers from them to the 
Schwann cell surface. It is now very improbable that any major 
component can be present in myelin which is not also present in the 
Schwann cell membrane at the free surfaces of the cell. It follows 
then that the molecular pattern deduced for the X-ray repeating 
unit can be applied directly to the corresponding layers seen by 
electron microscopy (Robertson, 1957a; Finean and Robertson, 
1958; Robertson, 1959a). Since each myelin lamella is a mesaxon 
with no other important components added it follows that the 


VOL 
le 
19€ 


The Molecular Structure and Contact Relationships of Cell Membranes 369 


molecular structure of the Schwann cell membrane can also be inferred 
as indicated in Fig. 31. An important problem now is to obtain a more 
precise idea of the molecular structure of the myelin-repeating unit. 
This is one reason why studies of lipid and lipid—protein model sys- 
tems, discussed further on, are of considerable interest. 


Fig. 31. Diagram indicating a way in which Finean’s conception 
of the molecular structure of myelin can be superimposed on the 
electron micrographs showing the mesaxon leaving compact myelin 
and splitting to form the surface membrane of the Schwann cell. 
Since the cell membrane comprises half of the repeating unit its 
molecular structure may be inferred as indicated. The stippled 
area above represents intercellular ground substance (probably 
mucopolysaccharide). 


ii 
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The observations presented above on the development of myelin 
will make clear the reason for the ‘‘difference factor’ postulated by 
Finean. Each half of the repeating unit consists of a Schwann cell 
membrane adjacent to its ‘‘mirror image’, i.e. to the same membrane 
folded back on itself. The diffraction findings (Finean, 1958) along 
with the electron microscope results (Robertson, 1956a) would suggest 
that there is a chemical difference in the non-lipid layers bounding 
the outside and the inside surfaces of the Schwann cell unit membrane. 
This difference is brought out further in experiments designed to alter 
the myelin structure by immersing nerve fibres in hypotonic solutions 
(Robertson, 1958d). 


5. Effects of Hypotonic and Hypertonic Solutions on Nerve Fibres 


Finean and Millington (1957) have shown that an increase in the 
myelin period occurs if myelinated nerves are soaked in hypotonic 
solutions. This increase has been studied by electron microscopy and 
found to be due to a separation of the unit membranes in myelin along 
the intraperiod line (Robertson, 1957c, 1958b, 1959a). In other words 
the gap originally present in the embryonic mesaxon reopens in 
hypotonic solutions so that the myelin period is greatly increased. 
It is important that even after soaking in distilled water, the mem- 
branes do not separate, along the cytoplasmic surfaces united em- 
bryonically at the major dense line. This is illustrated in Figs. 
32 and 33. The two ~75 A unit membranes seen in myelin after this 
treatment remain united along their cytoplasmic surfaces making a 
compound membrane ~150 A across referred to by the term ‘“‘internal 
compound membrane” (Robertson, 1958)). These findings suggest 
that the binding forces holding the myelin membranes together are 
of two kinds. One kind appears to operate between the closely 
associated outside cell surfaces and is affected by treatment with 
hypotonic solutions. The other kind operates between closely 
associated cytoplasmic surfaces and is not affected by hypotonic 
media. 

Finean and Millington (1957) also studied the effects of hypertonic 
solutions on myelin and found a slight increase in the period after 
immersion in hypertonic media. Similar experiments were conducted 
by electron microscopy but the myelin failed to show consistent 
alterations. Adult unmyelinated fibres, however, showed striking 
alterations which are of considerable interest. It has been indicated 
above that paired membrane structures of the type formerly referred 
to as “double membranes” consist of two unit membranes separated 
by a gap of about 100-150 A. This gap in adult unmyelinated nerve 
fibres occurs between the two unit membranes of mesaxons and is 


VOL 
lo 
196 


Fig. 32. Portion of myelinated fibre soaked in distilled water before 


fixation with permanganate. The myelin lamellae have separated 


by a splitting of the intraperiod line as shown in the inset to the 


upper right. The outer and inner mesaxons (m) are still visible. 
A Schwann nucleus with the paired nuclear membrane is seen to 


the right (nuc.). 40,000; inset, * 80,000. 
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Fig. 34. Portion of an unmyelinated fibre in frog sciatic nerve 

soaked in hypertonic Ringer solution before fixation with per- 

manganate. Note the closure of the gap between the unit mem- 

branes of the mesaxon (m) enlarged to the left. Note the hazy 

intercellular ground substance in the basement membrane region 

(b.m.). This fibre was soaked in Ringer solution made hypertonic 
by the addition of sucrose. 50,000; inset, » 370,000. 


Fig. 35. Portion of another unmyelinated fibre showing a 

mesaxon (m) with closure of the gap produced by hypertonic 

Ringer solution. The mesaxon is enlarged to the left. » 77,000; 
inset, 450,000. 
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Fig. 36. Unmyelinated fibre from frog sciatic nerve treated with 

hypertonic Ringer solution before fixation. Note the closure of the 

mesaxon gap enlarged to the left. The inter-Schwann membranes 

are also in contact. Note the gap substance in continuity with the 

intercellular ground substance surrounding the fibre (b.m.). 
80,000. Inset 30,000 


Fig. 38. Portion of a Schwann cell (Sch.) with one associated axon 
(ax.). A caveola intracellularis (c.i.) is seen to the left. This pre- 


paration was fixed in potassium permanganate and not stained. 

The micrograph was printed at high contrast to show the inter- 

cellular ground substance in the basement membrane region (b) 

extending into the gaps between the unit membranes of the paired 
membrane structures. » 60,000, 
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Fig. 39. Portions of two human red blood cells in’ apposition, 
Note the ~100 A gap between the two cells which are bounded by 
unit membranes measuring ~75 A across. ~ 133,000. 


Fig. 40. Segment of a human red blood cell membrane with 


cytoplasm to the right. Note the typical unit membrane structure 


measuring ~75 A across. 250,000. 


Fig. 41. Three human red blood cells are shown in apposition with 
one another. Their membranes are separated by gaps measuring 
100 A or more across. 23,000, 
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continuous with a similar gap between the Schwann cell membrane 
and the axon membrane making up the axon-Schwann membrane. 
After treatment with hypertonic solutions the gap was observed to be 
collapsed in many regions in unmyelinated fibres. The two ~75 A 
unit membranes after closure of the gap may be no more than ~15 A 


Mesaxon 


Fig. 33. Diagram indicating the way in which the compact myelin 
structure indicated in (a) opens by a splitting apart of the outside 
surfaces of the Schwann cell membrane of the mesaxon after treat- 
ment with distilled water. The unit membranes (u) in compact 
myelin make up the outer (1) and inner (2) mesaxon and the axon- 
Schwann membrane (3). 100-150 A gaps are sometimes present in 
these paired membrane structures and a thin layer of Schwann 
cytoplasm (Sch.) bounds the compact myelin structure. After 
soaking in distilled water the membranes are all split apart except 
where they were united along their cytoplasmic surfaces during 
development to make the major dense line of myelin. The com- 
pound membrane structure seen in myelin after this treatment is 
called an internal compound membrane (ICM). 


apart (Figs. 34-36) and the ~150 A compound membrane struc- 
ture so formed is referred to by the term “external compound mem- 
brane” (Robertson, 1958) (Fig. 37). The collapse of the gaps occurs 
after treatment with hypertonic Ringer solution of values of at least 
twice normal concentration. Similar gap closures are seen if the total 
molarity of normal Ringer solution is increased by the addition of 
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sucrose to values exceeding four times normal. The gaps are con- 
sidered to be occupied by intercellular material since in micrographs 
like that in Figs. 36 and 38 continuity can be shown between a hazy 
dense material distributed around the nerve fibre which grades off 
imperceptibly in density into the intercellular material. Sometimes 
this material is concentrated about 200 A away from the Schwann cell 


axon—-Schwann 
Membrane 
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Unit | 
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Mesaxon ECM 


(a) (b) (c) 


Fig. 37. Diagrams indicating the effects on unmyelinated nerve 
fibres of immersion in hypotonic or hypertonic media before 
fixation. In (a) the appearance of control fibres is indicated. Here 
a single axon is shown surrounded by a single Schwann cell (Sch.). 
Note the gap between the unit membranes of the axon-Schwann 
membrane and the mesaxon. ‘The mesaxon is enlarged below. After 
soaking in hypotonic media the gap is widened as indicated in (b) 
and after soaking in hypertonic media it is closed as indicated in (ce). 
After the gap is closed the paired membrane structure is converted 
into a combined structure referred to as an external compound 
membrane (ECM). 


membrane into a layer called a ““basement membrane” (see Robertson, 
19586, 1959a). After fixation in OsO, similar material is seen with a 
similar distribution and after staining with phosphotungstie acid it is 
seen condensed into a very dense layer composed of a meshwork of 
interstitial filaments (Robertson, 1956c). Suggestions of a similar 
aggregation sometimes may be seen in unstained material, as well 
as KMnO,-fixed material. Thus this “basement membrane” structure 
formed by a concentration of intercellular interstitial filaments is 
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probably not an artifact. The important point is that despite the 
local concentration differences the ‘“‘basement membrane”’ substance 
is probably continuous with the intercellular ground substance and 
the gap substance between cell membranes. The gap substance then is 
regarded as intercellular material continuous with the intercellular 
ground substance through the “basement membrane”’ region. This 
material is commonly regarded as a mucopolysaccharide because of its 
staining characteristics. For example, Abood and Abul-Haj (1956) 
have demonstrated a positive histochemical staining for muco- 
polysaccharides in the region about the surfaces of Schwann cells 
occupied by this material. One way of interpreting the closures of 
the gaps of mesaxons is to consider the gap substance to be a very 
highly hydrated mucopolysaccharide gel. The collapse of the gap 
could then be interpreted as a syneresis phenomenon. An alternative 
interpretation could be made if the gap substance is ignored and it is 
postulated that a balance between the interaction forces of charged 
groups on the surfaces of the adjacent paired membranes and other 
long range forces are responsible for the positions they assume with 
respect to one another (see Robertson, 1958); Curtis, 1959). Hyper- 
tonic Ringer solution might then bring about an alteration in these 
charged groups, which could lead to an alteration in the positions of 
the membranes and might result in more intimate contact as observed 
in the micrographs. However, the effect obtained with sucrose alone 
can hardly be interpreted inexactly this way. Because of the relative 
coarseness of its structure it seems improbable that the basement 
membrane would act as a semi-permeable barrier to ions and small 
molecules like sucrose. Hence it seems improbable that the collapse 
of the gaps occurs by a direct osmotic dehydration by withdrawal of 
water through a semi-permeable membrane. For this reason the 
two interpretations given are favoured. 

It is interesting that red blood-cells, either fresh or washed, display 
not only the typical 75 A unit membrane structure (Figs. 39-40), but 
also when packed together show gaps between the adjacent membranes 
100-150 A across (Figs. 39 and 41) just like those seen in tissues 
(Robertson and Barnicot, 1959). Experiments designed to alter these 
membrane relationships are in progress. 

It will be clear that many of the problems regarding the material 
located between the unit membranes of the axon-Schwann membrane 
and mesaxons discussed by Schmitt and Geschwind (1957) have been 
largely resolved. The ~100-150 A light zone between the two 
membranes in unmyelinated fibres is in fact occupied by a highly 
hydrated substance which could act as a pathway for free diffusion of 
ions. It certainly is not filled by lipid as proposed by Sjéstrand (1956). 
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It was stated above that cell membranes are generally separated 
by a gap of 100-150 A in parenchymal adult tissues. A number of 
exceptions to this general rule exist even in epithelial tissues. The 
gap is greatly widened at motor and plates (Robertson, 1956d) and 
widened to a lesser extent between associated membranes in the 
vertebrate central nervous system considered by some (Palay, 1956; 
Gray, 1959b,c) to represent synapses. In other neural structures 
the gap is normally obliterated and two unit membranes are in contact 
with one another. Some of these situations concerning membrane 
contacts in nerve tissue will now be examined. 


6. Special Nerve Structures 

6.1. Nodes of Ranvier. Myelinated nerve fibres of vertebrates are 
completely surrounded by the myelin sheath except at nodes of 
Ranvier. These interruptions in myelin occur at intervals of a few 
hundred microns up to several millimetres in most myelinated fibres, 
and the myelin sheath is completely absent over a very short length 
of the axon in this region. Several reports dealing with electron 
microscope studies of nodes have appeared, (Engstrom and Wersall, 
1958; Finean and Robertson, 1958; Gasser, 1952; Luxoro, 1956; 
1958; McAlear, Millburn and Chapman, 1958; Nelson, 1958; Robert- 
son, 1956, 1957a, 1957b, 1959d; Uzman and Nogeura-Graf, 1957). 
It is now possible to describe with some precision the membrane 
arrangements at these critical regions in peripheral nerve fibres. 

A relative narrowing of the axon near the termination of the 
myelin sheath is a characteristic feature of nodes in large fibres known 
since the earliest light microscope descriptions (Fig. 42). In this 
region the axon may be reduced by about one-third of its total dia- 
meter, It is pertinent that very little narrowing appears at nodes in 
small fibres (Fig. 43). Some believe the narrowing to be partly an 
artifact occurring during fixation (Williams and Wendel-Smith, 
1959), a matter which is at present rather difficult to assess. 

Sections of nodes after both KMnQ,- and OsQ,-fixation reveal 
interesting differentiations of axoplasm. Concentrations of mitochon- 
dria are frequently found. Axon filaments are often distinct (see 
Fig. 42). Tubular components of the endoplasmic reticulum are often 
seen (Fig. 44-45). Accumulations of vesicular or tubular elements 
resembling so-called synaptic vesicles are frequently present (Figs. 
46 and 47). Sometimes groups of these round or oval profiles are 
enclosed by a unit membrane (Fig. 42, m.v.) and here they resemble 
so-called multi-vesicular bodies (De Robertis, 1957; Sager and Palade, 
1957). Such vesicular-appearing bodies as these are frequently 
found in specialized regions in nerve fibres such as motor endings 
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(Palade, 1954; Robertson, 1956d; Birks, Huxley and Katz, 1959), 
sensory endings (Smith and Dempsey, 1957), and in central nervous 
endings (Palade, 1954; Palay, 1956; De Robertis and Bennett, 1956). 
They have not been previously described at nodes and their presence 
here may have physiological significance. 


Fig. 49. Diagram illustrating the structures and membrane 
relationships seen at nodes of Ranvier. Note the gap between the 
membranes of the nodal processes of the Schwann cells and the 
axon membrane over the unmyelinated part of the node. The very 
dense body shown in axoplasm near the lower nodal membrane is 
seen fairly often in OsO, fixed material. Such bodies are also 
occasionally seen in Schwann cytoplasm near the node. The 
remaining structures shown in the diagram are discussed in the 
text. 


Figure 42 is a micrograph of a longitudinal section through a node 
in a medium sized fibre. In such regions it can be seen that each 
lamella of the myelin sheath separates as a mesaxon from the axonal 
side of the compact myelin structure as the node is approached (see 
Fig. 48 and the diagram Fig. 49). The mesaxons are spaced a few 
tenths of a micron apart and Schwann cytoplasm is identifiable in the 
intervening separation. The planes of these mesaxons lie roughly 
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perpendicular to the fibre axis in the juxta-terminal myelin region 
and they are, therefore, only seen clearly in longitudinal section. 
As the myelin becomes very thin and terminates the planes of the 
mesaxons tilt gradually until the last few are directed nearly parallel 
to the long axis of the fibre (Figs. 42, 43). Over most of the juxta- 
terminal myelinated region the outer mesaxon is not visible in 
longitudinal sections. In cross sections in this region, however, it is 
clearly visible and the inner mesaxon cannot be seen (Fig. 50). 


(c) (e) 


Fig. 51. Diagram illustrating a model of the myelin sheath at a 
node of Ranvier. 


The spiral myelin conceptis useful in understanding this complicated 
geometrical arrangement of the mesaxon in nodes as indicated in 
Fig. 51. A Plasticine model was constructed when these structures 
were first observed (Robertson, 1956, 1957). A cylindrical piece was 
taken to represent the axon, the myelin sheath was represented by a 
thin sheet of Plasticine cut in the shape indicated in the diagram (a). 
When this sheet was rolled around the cylinder representing the axon 
(b) the edge of the sheet directed toward the node inscribed a helix 
on the surface of the cylinder. After the sheet was completely wound 
around the cylinder a longitudinal section was cut (c—e). The edges 


Fig. 42. Longitudinal section of a node of Ranvier in a frog sciatic 
nerve fibre. Note the collar of nodal processes (n.p.).. The unmyelin- 
ated nodal axon bulges slightly and very often contains round aggre- 


gations of vesicular appearing bodies ~500 A in diameter which 


are bounded by unit membranes (m.v.). Occasionally these 

aggregates are surrounded by another unit membrane. Axon 

filaments seem somewhat more concentrated in the nodal axoplasm 

and vesicular and tubular appearing components of the endoplas- 
mic reticulum sometimes are prominent. 14,000. 
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Fig. 43. Longitudinal section through a node of Ranvier in a 

small myelinated fibre. The unmyelinated nodal axon extends for 

over 2-5 in this <3 y diameter fibre. Compare with the 7-8 1 

fibre shown in Fig. 42 in which the unmyelinated axon extends 
for only ~1-5 12,500. 
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Fig. 44. Cross-section of a small fibre through a node of Ranvier. 
Here the plane of sectioning is closer to the Schwann cell bounding 
one end of the unmyelinated nodal axon. Hence the nodal pro- 
cesses appear more complicated and larger. Note the branching 


to the upper left and the longitudinally cut process below. The 


continuity of the gap substance between the membranes of the 
nodal processes and the axon with the intercellular matrix sub- 
stance surrounding the entire node is unusually well shown. Note 
the components of the endoplasmic reticulum in the nodal axon. 
These are bounded by unit membranes. Some of them are longi- 
tudinally cut tubules and others are either transected tubules or 
vesicles. (n.p., nodal process; M, mitochondria; E.R., endoplasmic 
reticulum; g.s., gap substance). 60,000. 
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Fig. 45. Transection of a small myelinated fibre similar to those 
shown in Figs. 46 and 47 but fixed in potassium permanganate 
and embedded in araldite. Note the single layer of nodal processes 


(n.p.) surrounding the axon membrane. There is a well defined gap 


between the unit membranes of these Schwann cell processes and 

the axon membrane as shown in the inset enlargement. The 

axon membrane is apparently free from processes near the un- 

labelled arrow. A few components of the endoplasmic reticulum 

bounded by unit membranes may be seen inthe axoplasm. » 60,000; 
inset, 150,000. 
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Fig. 46. Cross-section of a node of Ranvier and a small myelinated 


nerve fibre showing the collar of nodal processes (n.p.) similar to 

that shown in Fig. 33. Here several small mitochondria are seen. 

There is an aggregate of vesicular appearing bodies (arrow 1) 

300-500 A in diameter. Note the dumb-bell shaped profile near the 

tip of the arrow. OsO, fixed, PTA stained and methacrylate 
embedded. 
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Fig. 47. Cross-section of a node in a small myelinated fibre fixed 
with OsQO,, stained with PTA and embedded in methacrylate. 
Note the Schwannian nodal processes (n.p.). Between these 
processes and the axon membrane there is a gap measuring from 
200-250 A as can be seen clearly near the unlabelled arrow. 
Vesicular appearing structures (arrow 1) are seen in the axoplasm 


along with mitochondria, and axon filaments. ~ 67,000. 
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Fig. 48. Segment of myelin near a node of Ranvier showing the 


Note 


mesaxons on the axonal side of the juxta-terminal myelin. 


that the gap between the axon membrane and the Schwann cell 
60,000. 


membrane in this region is closed (arrow). 
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Fig. 50. Transection of a myelinated fibre near a node of Ranvier 


showing the outer mesaxon (m). The inner mesaxons are not 


clearly visible because of oblique sectioning. 20,000, 
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of the sheet wound helically around the axon appeared in a disposition 
similar to that seen in nerve fibres if the edges were considered to 
represent the mesaxons. It is apparent from the model that if the 
mesaxon has the shape of the sheet indicated in a, its helically wound 
inner or axonal edge would be disposed about the axon like the threads 
of a screw. In a longitudinal section the threads would be cut many 
times and appear like the mesaxons in the actual nodes (Fig. 48). 
The outer edge of the sheet, because of its different shape, would not 
have such a disposition and the analogy with the screw breaks down. 
In the model the outer edge of the sheet would run parallel to the 
plane of a longitudinal section and hence would probably not be seen. 
It would be seen, however, in a transverse section and this is the case in 
sections of nodes (Fig. 50). A consideration of the diagram (Fig. 49) 
will perhaps make clear the way in which the continuity of the mesaxon 
is maintained over the end of the compact myelin. It simply winds 
helically over the end as one continuous sheet which in a thin section 
may be cut several times. 

The mesaxon is more complicated than this description implies and 
the model of Fig. 51 gives an oversimplified picture of the actual struc- 
ture. As indicated in Fig. 48 the sheet-like mesaxon splits into its two 
component membranes at the axon surface and each of these mem- 
branes is continuous with its opposite member in the adjacent mes- 
axon. Schwann cytoplasm is included between the mesaxons as a long 
helical layer connecting the inner thin layer of Schwann cytoplasm 
next to the axon with the outer thicker nucleated layer external to 
the compact myelin. 

In the juxta-terminal myelinated region of the node the Schwann 
cell membrane and the axon membrane are in intimate contact with 
one another (Robertson, 1957a) (Figs. 48 and 52). The ~100 A gap 
which is usually present in internodal axon-Schwann membranes has 
not been seen in these near-nodal regions in permanganate fixed 
preparations. The contact between axon and Schwann cell here is 
apparently as intimate as that between the membranes in compact 
myelin. 

The nodal axon completely free of myelin bulges slightly (Figs. 
42 and 43) and extends for a variable distance, which is related to 
fibre diameter. The unmyelinated nodal axon may extend for 
about 0-5 in larger (10-15 fibres. In small (3-10 fibres it 
extends for as much as 2-5 uw along the length of the fibre (Fig. 43). 
The nodal axon is not entirely uncovered. It is surrounded by a collar 
of minute finger-like processes of the two Schwann cells (Robertson, 
1957b). These pseudopodium-like processes measure about 500 A 
in diameter and are of undetermined length. They are tangled about 
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the nodal axon in a very irregular fashion so that in any section either 
longitudinal or tranverse to the fibre axis some processes may be seen 
cut either transversely or longitudinally (Figs. 42-46). The axonal 
membrane in the nodal region again shows the unit membrane 
structure but in some areas the membrane is obliquely sectioned so 
that its strata cannot be seen clearly. 

The axon membrane and the Schwann cell membrane bounding the 
nodal processes are not in contact with one another (Figs. 45 inset 
and 47) but there is a gap of rather variable width, similar to that 
between the membranes of adjacent Schwann cell processes in the 
nodal collar. The dimensions of these gaps cannot be given very 
precisely. In the juxta-terminal myelinated region the gap between 
axon and Schwann cell membranes is usually too small to be resolved 
(i.e. probably less than 20 A). Over the unmyelinated part of the node 
the gaps measure from ~100 to 250 A (see Figs. 45 and 47). It is 
important that in no case have the membranes in this region so 
far been found in contact with one another. Some of the variations 
in gap width measured here are real while others probably are 
due to oblique sectioning. ‘The general result is a closure of the 
axon-Schwann membrane gap in the juxta-terminal myelinated 
region and an open gap in the unmyelinated nodal region itself. 
This arrangement is clearly of importance in directing the current 
flow between axoplasm and the outside during action potential 
propagation. (Tasaki, 1939, Huxley and Stiampfli, 1949; see also 
Frankenhaenser and Hodgkin, 1956 and Ritchie and Straub, 1957). 

The thickness of the collar of nodal processes around the axon 
is also of interest. In very large fibres (10-15 ju) in which the length 
of the unmyelinated nodal axon is relatively short (~0-5 uw) the 
thickness of the collar of nodal processes is relatively great. It may 
measure as much as | w or more radially. Typically, in small fibres 
(Fig. 43) in which the length of the unmyelinated nodal axon may 
be as much as 2-5 uw, the radial extent of the collar of nodal process 
is very much smaller (Fig. 53). In such cases only one layer of pro- 
cesses may be present as indicated in Fig. 45. 

This arrangement at nodes, whereby a relatively larger proportion 
of axon membrane is directly exposed to the outside in small fibres 
than in large fibres, may have something to do with the fact that small 
fibres have a higher threshold for electrical stimulation than large 
fibres. This difference in threshold has been explained on the basis 
of size alone since the large fibres would be expected to carry a larger 
proportion of any stimulating currents running longitudinally between 
two electrodes placed along the nerve. This factor alone might be 
sufficient to explain the threshold differences, but it is a striking fact 
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that the total exposed area of nodal axon membrane in many large 
fibres is actually smaller than in many small fibres. Thus the current 
density across the nodal membrane is probably much higher in large 
fibres than small fibres, and this may be an important additional 
factor giving rise to differences in threshold and perhaps also in 
velocity of conduction. 


Fig. 53. Diagrams to indicate the appearances of the collar of 

nodal processes in small (a) medium sized (b) and large (c) myelin- 

ated fibres. Note that the diameters of the nodal axon in all three 

cases do not show such wide variations as the overall fibre diameter. 

The length of nodal axon surrounded by nodal processes decreases 
as fibre size increases. 
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Fig. 54. Longitudinal section through a  Sehmidt—Lanterman 
incisure in a myelinated frog fibre. Axoplasm (ax.) is to the left. 
Note the ~100 A gap between the axon membrane and the Schwann 
cell membrane. The outer Schwann cytoplasm (Sch.) appears to 
the right where a caveola can be seen invaginating the Schwann 
cell membrane. In the lower inset enlargement the lamellae 
traversing the cleft can be seen to originate by splitting of the 


major dense lines of the myelin. To the upper right one of the 


vesicular appearing bodies in the Schwann cytoplasmic layer 

between the traversing lamellae is enlarged to show the unit 

membrane structure bounding it. 50,000; lower inset, 120,000: 
upper inset, 170.000. 
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Fig. 56. Cross-section of Schmidt Lanterman incisure. Note the 

absence of discrete lamellae in the incisure. This is due to oblique 

sectioning. The outer and inner mesaxons (m) are clearly visible. 
12.000, 


ty 
196, 


The Molecular Structure and Contact Relationships of Cell Membranes 381 


In general, the sizes of gaps between two membranes may be of 
great functional significance (e.g. in mesaxons or axon—Schwann 
contacts) and they may be important pathways for excitatory 
current flow. The contact arrangements at and around nodes of 
Ranvier probably provide a morphological basis for saltatory con- 
duction. Apart from very small radially aligned membrane pores 
which might be present, the only other important pathway for current 
flow could be Schmidt—Lanterman clefts. 

6.2. Schmidt-Lanterman incisures. Schmidt-Lanterman incisures or 
clefts are funnel-shaped discontinuities in the myelin sheath some- 
times occurring at intervals of a few microns. These interruptions 
in myelin have been observed repeatedly by light microscopists since 
their first description by Schmidt (1874) and by Lanterman (1877) 
over seventy-five years ago. Various speculations have been presented 
about them and many have regarded them as artefacts. However, 
Lanterman observed the incisures clearly in fresh unfixed and mini- 
mally damaged nerve fibres and had good reason to consider them to 
be genuine. Subsequent workers including Nageotte (1910), Ségall 
(1893) de Renyi (1929) and many others have repeatedly described 
them. De Renyi (1929) noted, on the other hand, that the more a nerve 
fibre is manipulated the more numerous are the clefts. 

Gasser’s (1952) electron microscope observations suggested that 
the incisures might be complete discontinuities of myelin and hence 
present an open pathway for current flow. However, it soon became 
apparent that this was not the case. Luxoro (1956) (1958) observed 
membranes traversing the clefts which might be expected to interfere 
with any free ionic flow through the myelin. A similar conclusion was 
reached by Uzman and Noguero-Graf (1957) and by the author 
(1958). A longitudinal section of a portion of a Schmidt—Lanterman 
incisure is shown in Fig. 54. It is clear that the myelin lamellae traverse 
the cleft intact and that the interruption in the sheath is due to separa- 
tion of the lamellae by a splitting of the major dense line (arrows). 
This means that the cytoplasmic surfaces of the mesaxon loops united 
during development at the major dense line separate from one another 
(see Fig. 55). In addition there is a slight separation of the two 
outside surfaces of the unit membrane as the cleft is traversed. 
However, this separation, which restores the original mesaxon gap 
rarely exceeds 50 A and is not always seen. The lamellae traversing 
the cleft are relatively widely separated (~0-1 ~). Sections of the 
outermost lamellae show clearly that this inter-lamellar space is 
directly connected with the outer layer of Schwann cytoplasm. 
Similarly the inner layer is connected with the very thin layer of 
Schwann cytoplasm which lies between the innermost myelin lamella 
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and the axon—Schwann membrane. Circular profiles a few hundred 
angstroms in diameter and bounded by unit membranes are seen 
occasionally in these inter-lamellar regions within Schmidt—Lanterman 
clefts (Fig. 54—upper inset). It appears probable, therefore, that 
the inter-lamellar separations are associated with an entrance of 
cytoplasm into the myelin sheath. 


B 


Schwann 


cell-membrane ] 


axon 
Schwann 
membrane 


Fig. 55. Diagram illustrating the membrane relationships observed 
in Schmidt-Lanterman clefts: Schwann cytoplasm (Sch.) is 
indicated by the light stipple. A basement membrane (b.m.) is 
shown in this case. The cleft is shown in longitudinal section above, 
and in the planes indicated by (A) (B) and (C) the appearance of 
cross sections of segments through the cleft are shown below in (A) 
(B) and (C). In practice the isolated lamella shown traversing the 
cleft in the cross-sections more often would be invisible in electron 
micrographs because of oblique sectioning. 


A number of variants in the organization of these interruptions of 
myelin have been observed. Sometimes the direction of the incisure 
in longitudinal section is reversed so that the structure appears 
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V-shaped as originally described by Ségall (1893). Sometimes the 
cleft is not complete and extends only partly through the myelin or 
may appear on only one side of the fibre. This suggests that the 
clefts may be undergoing dynamic changes at the time of fixation. 
In tranverse section certain similar types of ‘shearing discontinuity’ 
have been found by electron microscopy. Fig. 56 presents the usual 
appearance of a cross-section of a classical Schmidt—Lanterman 


Fig. 57. Diagram of a cross-sectional shearing defect of the 
Schmidt—Lanterman type seen in myelinated fibres. (Sch. Schwann 
cytoplasm.) 


cleft. It will be observed that the membranous structures traversing 
the cleft generally cannot be seen in transverse sections because of the 
obliquity with which they pass through the plane of the section. 
Quite frequently in electron micrographs discontinuities resembling 
Schmidt—Lanterman clefts are seen in transverse sections (Figs. 
14, SL and Fig. 57). These shearing defects are also produced by the 
splitting apart of the lamellae along the major dense lines, and pre- 
sumably the inter-lamellar space is occupied by Schwann cytoplasm 
though direct connections with Schwann cytoplasm have not been 
demonstrated. 

It seems not unreasonable to suppose that the Schmidt—Lanterman 
incisures develop in response to mechanical stresses and strains to 
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which peripheral nerve fibres are normally subjected and that, as 
they develop, Schwann cytoplasm enters the myelin sheath and 
communicates with the very thin layer of cytoplasm next to the axon. 
This flow of cytoplasm might serve a metabolic function in providing 
occasional more direct connections between the inner layer of Schwann 
cytoplasm and the outer nucleated layer as well as bringing the 
Schwann cell membrane, relatively isolated in compact myelin, 
occasionally into contact with Schwann cytoplasm. The structural 
arrangement is such that a long helical pathway from the axon— 
Schwann membrane gap through the incisures to the outside exists 
but this pathway is extremely long and very thin. Furthermore, it is 
sometimes interrupted. It seems probable, therefore, that such a 
channel would carry little ionic current compared with the pathways 
available at nodes. 

6.3. Retinal photoreceptors. The outer segments of vertebrate 
retinal rods and cones have been studied repeatedly by electron 
microscopy with OsQ, fixation techniques. Many observers (e.g. 
Sjéstrand, 1956, 1959, DeRobertis, 1956) have found dense layers 
repeating at a period of about 350 A perpendicular to the axis in the 
outer segments of vertebrate rods. Each of these layers was found 
to measure about 150-200 A across and to consist of a pair of dense 
lines. The thickness of the component dense lines has been measured 
and recorded variously as 30-50 A. Sjéstrand and de Robertis have 
described these layers in vertebrate retinal rods as components of 
sac-like disks stacked on top of one another with a thin layer of rod 
cytoplasm between each disk. These workers have also studied cones, 
and found them to have a very similar structure. 

Arthropod eyes have been studied by similar techniques, and 
Fernandez-Moran (1958) has presented extensive findings showing 
that rhabomes of the ommatidia of insect eyes consist of closely 
packed transversely arranged tubules bounded by ‘‘membranes”’ 
about 20-30 A thick appearing as single dense lines. Similar structures 
have been observed in other insects by Wolken, Capenos and 'Turano 
(1957) and in Limulus by Miller (1957). These tubules are packed 
in a hexagonal array and each is separated by a light zone measuring 
about 100 A across. Recent studies by Wolken (1958) and by Moody 
and Robertson (1959) have revealed a similar tubular arrangement in 
the retina of Octopus. The latter workers fixed the material with 
KMn0Q, as well as OsO, and embedded it in araldite. They observed 
that the hexagonally packed tubules or microvilli of Octopus retina 
are bounded by ~75 A unit membranes, which form compound 
membranes about 150 A thick at their regions of contact (Fig. 58). 

These techniques were also applied to frog retina with new findings 
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(Moody and Robertson, 1959). With such preparations it can 
be seen that each of the layers repeating at about 350A in the 
outer segments of both rods and cones consist of two unit (~75 A) 
membranes stuck together to form a compound membrane, the 
“double membrane disk’? of Sjéstrand. In the case of the cone 
(Fig. 59) these two unit membranes can easily be seen to be continuous 
with the surface membrane of the outer segment where they originate 


Fig. 62. Diagram of the outer segment of a retinal cone indicating 

the way in which the cell membranes are enfolded to make the 

external compound membranes observed in sections through either 
planes A or B. 


as intuckings as shown in Figs. 60 and 62. Thus each of the disks of the 
cone outer segment is not a closed sac, but simply an expanded 
flattened invagination of the surface membrane. The ~150 A com- 
pound membranes are thus external compound membranes (Robertson 
1958b). The double membrane disks of the rod outer segment gener- 
ally appear as closed sacs which may or may not be continuous with 
the cell surface. These can in some cases be seen to be formed from 
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intuckings in the same way as the cone (Fig. 61). The regions of 
invagination, which are quite easy to find in cones, have not been 
previously noted in rods, perhaps because the neck connecting each 
of the disks with the surface membrane is relatively small. This may 
account for the previous conclusion that closed sacs were present. 

It is clear that in all these retinal photoreceptor structures two 
~75 A unit membranes are involved and that they are in contact 
with one another in somewhat the same way that the unit membranes 
of myelin are related. 

Since the compound membranes of retinal photoreceptors occur in 
sufficiently large aggregates to permit study by polarization optical 
and X-ray diffraction techniques, and these membranes are now found 
to be continuous with cell surface membranes as are those of myelin, 
another approach to the problems of the molecular structure of cell 
membranes is opened up. Although there is less information available 
about the molecular structure of the retinal photoreceptor membranes 
than about nerve myelin this approach may prove of considerable value. 


7. A General Molecular Theory of Cell Membrane Structure 


It is important to know whether the type of membrane structure 
observed at the surfaces of Schwann cells and other neural struc- 
tures is of general occurrence since entirely different patterns of 
organization are conceivable in different cells. As pointed out 
above, one can make certain deductions about the molecular structure 
of the Schwann cell unit membrane because it is closely related to 
or identical with the more fully understood myelin unit. But what 
of other cells? Is such a unit structure present everywhere and can 
any generalization be made now about the molecular structure of 
membranes? 

A number of tissues have been examined by electron microscopy 
using the preparation techniques employed in the study of nerve 
fibres. Cells of widely divergent types in vertebrates and inverte- 
brates have been found to be bounded by a unit membrane structure 
which appears in every respect the same as that which bounds Schwann 
cells and axons. Thus the unit membrane structure appears to be of 
general significance. The tissues studied by the author (Robertson, 
1957d, 1958a, 1959a) include the following: frog: skin, intestinal 
epithelium, liver, pancreas, muscle, nerve, red blood cells, connective 
tissue cells and endothelial cells; cat: liver, kidney, and skeletal 
muscle; mouse: nerve, skeletal muscle, smooth muscle, intestinal 
epithelium, liver, kidney, fibroblasts, endothelial cells, and eosinophils; 
crayfish: nerve; crab: muscle, human: red (Figs. 39-40) and white 
blood cells (see also Bayer, 1958 and Robertson and Barnicot, 1959). 
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Fig. 63. Section of a portion of mouse small intestine showing 
the finger-like microvilli of the striated border lining the lumen of 
the bowel. The paired membrane structure between the two cells 
is composed of two typical unit membranes separated by a gap of 
100-150 A throughout most of the section. However, to the upper 
left near the lumen of the intestine the two bounding unit mem- 
branes are in contact with one another making an external com- 
pound membrane as shown in the enlargement to the upper left. 
The membrane of the microvilli appears like the unit membrane 
structure in some places and its overall thickness in some regions 
is about 75 A. However, the outer layer is not sharply defined 
as compared with the inner boundary next to the cytoplasm and in 
some places the membrane seems thicker. Note the prominent 


endoplasmic reticulum deeper in the cells and the clear zone 


immediately beneath the microvilli in which the reticulum is 
absent. 30,000; right inset, » 40,000; left inset, » 100,000. 


Fig. 64. Section through a portion of the renal glomerulus in mouse 

kidney showing a row of podocytes bounded by unit membranesand 

separated by gaps of several hundred angstroms. Note the granular 

basement membrane region between the podocytes and the endo- 

thelial cell processes (2) bounded by unit membranes to the left. 

The dotted areas are enlarged to show the unit membrane structure. 
74,000. Insets 320.000, 


65. A cysterna of the endoplasmic reticulum from a Schwann 
cell showing the ~75 A unit membranes. » 370,000. 
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Others working in this laboratory have found the same type of 
structure in chick embryonic cells (Bellairs, 1958), locust nerve tissue 
(Gray, 1959a) and mouse cornea (Whitear, 1957). The ~75 A unit 
membrane structure is seen most clearly and consistently after 
KMn0O,-fixation but it has also been seen after OsO,-fixation. Essen- 
tially the same type of unit has been reported by others in several 
other types of tissue fixed either with OsO, or KMnO, though inter- 
pretations have differed. These include hair follicle cells (Birbeck 
and Mercer, 1957), tissue culture cells and amoebae (Mercer, 1957, 
1959), grasshopper spermatids and protozoan cilliates (Roth, 1956, 
1957), mouse intestinal mucosa (Sjéstrand and Zetterqvist, (1956) and 
Zetterqvist (1956)). The same type of unit membrane measuring 
about 75-100 A in thickness has been observed in plant tissues after 
OsO, fixation by Buvat and Lance (1957). Hodge, McLean and 
Mercer (1956) (see also Hodge (1956)) observed a compound membrane 
structure ~150 A thick in chloroplasts which clearly consists of two 
~75 A unit membranes. 

Roth (1956) and Sjéstrand and Zetterqvist (1956) gave figures of 
100 A for the overall width of the unit membrane structures in their 
preparations. These figures probably should not be considered 
significantly different from the ~75 A figure given here. Slight 
differences have been observed in the way in which the layers of the 
unit membrane structure appear in certain regions after permanganate 
fixation. Thus, the outer dense layer at the striated border of intes- 
tinal epithelial cells appears somewhat hazy and less sharply defined, 
although the boundaries of the same cells deeper in the epithelium 
appears the same as in other cells (Fig. 63). The same sort of fuzziness 
of the outer dense layer is seen in the brush border of the kidney. 
Despite the relative sharpness of the cytoplasmic border and the 
fuzziness of the outer boundary of the membranes of the microvillae 
in these two kinds of absorbtive cell the overall thickness of the 
membrane is not far from 75 A. The intercellular boundary between 
two cells of intestinal epithelium away from the luminal border is 
shown in the inset to the upper left in Fig. 63. Note that here the 
appearance of the unit membranes is the same as seen elsewhere. 
An additional point of interest in the intestinal epithelium is the 
contact of the unit membranes near the luminal boundary of the 
intercellular paired membrane to make an external compound mem- 
brane. 

In Fig. 64 there is shown a portion of a renal glomerulus showing the 
unit membrane structure on podocytes (P) and the endothelial cells 
(KE). 

The differences seen at the outer boundary of proximal convoluted 
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tubular cells and the striated border in the intestine are perhaps 
related to the absorption of material during the period in which the 
fixative acted, since no effort to control these processes was made. 
It is interesting that after OsO,-fixation Sjéstrand and Zetterqvist 
(1956) saw both the outer and inner dense layers of the unit membranes 
as symmetrical structures in mouse intestine if fixation was carried 
out after a period of starvation. They were not able to see the layers 


Fig. 66. Diagram representing the molecular organization of the 
cell membrane. ‘The core of the membrane consists of a bimolecular 
leaflet of mixed lipids with their non-polar chains (bars) oriented 
toward one another and their polar groups (circles) directed out- 
wards. The polar surfaces are covered by monolayers of unfolded 
proteins, the backbone chains of which are indicated by the zig-zag 
lines. The side chains of the protein components are not shown in 
this highly schematic drawing. 


of the structure clearly if fixation was carried out immediately after 
feeding. Thus it seems reasonable to conclude that the same essential 
pattern of molecular structure may underlie the membranes observed 
at absorptive surfaces as those seen elsewhere even though the pattern 
may be obscured during absorptive processes. 

In every instance in which clear preparations have so far been 
obtained after permanganate fixation and araldite embedding it has 
been possible to demonstrate the unit membrane structure in mem- 
braneous cell organelles including mitochondria (Robertson, 19588, 
1959a), endoplasmic reticulum (Robertson, 1959a, d) Golgi membranes 
and so-called “synaptic vesicles”. An example of the unit membrane 
structure seen in endoplasmic reticulum in a Schwann cell is given in 


Fig. 65. 
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The above findings lead to the general conclusion that the unit 
membrane structure is probably universally present in all animal 
and possibly all plant cells. Furthermore, it seems probable that the 
pattern of structure seen in permanganate fixed preparations repre- 
sents a central core of a bimolecular leaflet of lipid bounded on either 
side by monolayers of non-lipid material like that shown very sche- 
matically in Fig. 66, and corresponding to the model proposed earlier 
by Danielli and Davson on different lines of evidence. The present 
concept is based mainly on polarization optical, electron microscopical 
and X-ray diffraction evidence. There is in addition a major category 
of chemical evidence relating to cell membrane structure which has 
only been alluded to above. 


1V. CHEMICAL PROBLEMS 


1. Localization of Molecular Species in Cellular Components 
It is obviously important to know which of the various molecular 
species present in cells are structural components of membranes, how 
the individual molecules are constructed and how they are held 
together in a particular pattern of organization. Any theory of cell 
membrane structure must ultimately depend on such knowledge. 
Each of these topics, of course, constitutes a broad field in itself and 
clearly is beyond the scope of this article. However, it will be useful 
further on in the discussion of electron microscope studies of lipid 
model systems to have a few such facts at hand. 

It has been found that isolated mitochondria besides containing 
large numbers of enzymes (Hogeboom and Schneider, 1950) are quite 
high in their content of lipid materials (Watson and Siekovitz, 1956; 
Siekevitz and Watson, 1956). The microsome fraction contains 
membranes to which ribonucleoprotein (RNP) particles are attached 
(Palade and Siekevitz, 1956a, b). The RNP particles can be separated 
by treatment with deoxycholate. The membranes are dispersed by 
this reagent apparently because of their high lipid content (~40 per 
cent of the dry weight (Deul, 1951)). Dalton and Felix (1954) have 
developed a technique for isolating Golgi complex material from cells 
and Schneider and Kuff (1954) have studied fractions isolated by this 
technique chemically. Significant amounts of phospholipid, RNP 
and phosphatase were found in association with Golgi membranes. 
There is good evidence then showing that the membranes of mito- 
chondria, microsomes, and Golgi complexes contain large amounts of 
lipid and protein. 

It is generally believed, as already indicated, that nerve myelin 
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is very high in its lipid content and further that a protein (neurokera- 
tin) is present. The former concept originated from the earliest 
histological studies of nerve myelin (Wynn, 1900; Nageotte, 1909; 
Schmidt, 1936). It is based partly on staining characteristics and 
partly on such features as solubility in lipid solvents, the development 
of myelin forms (Frey-Wyssling, 1953) and optical characteristics 
in polarized light as well as physical features observed by micro- 
dissection techniques (St. de Renyi, 1928, 1929; Young, 1942, 1945). 
Pope and Hess (1957) point out that the lipid content of nerve tissue 
before myelination is very similar to that of liver. After myelination 
the lipid content of brain rises markedly while that of liver is about the 
same. Folch (1959) suggests that the lipid is proteolipid (see below) 
and Adams and Davison (1959) have found an increasing phospholipid 
content as myelination proceeds, by a histochemical method. There 
is no reasonable doubt that much of the lipid in nerve tissue is located 
in myelin. 

Further details have been derived by biochemical methods, 
though they are dealing directly, only with the total lipid content of 
nerve tissue. Folch and Lebaron (1957) have published tabular 
compilations of such analyses showing that lipids make up over half 
the solids of white matter (see also Desnouille, 1952). The phospho- 
lipids (Celmer and Carter, 1952; Dawson, 1957) make up about half 
the total lipids and this fraction is, therefore, of great interest. Three of 
the most studied phosphatides are phosphatidyl choline (lecithin), 
phosphatidyl serine (Folch, 1948) and phosphatidyl ethanol amine 
whose structural formulas follow:* 


O 


| | | 
O H,C—O—P—O—CH,—CH,—N—(CH,), 
| (+) 
O 


Phosphatidy1 choline (lecithin) 


* The total number of carbon atoms in the fatty acids may vary. So far only 
those with an even number of carbon atoms have been found, with the total 
number varying between 16 and 26 depending on the particular lipid. Different 
degrees of unsaturation have been recorded (see Lebaron and Folch, 1957). 
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The sphingosine containing lipids are also important. Sphingosine 
is a long-chain amino alcohol with one double bond having the 
following formula (Lebaron and Folch, 1957); 


CH;—(CH,);,—CH, 


Sphingosine 


Sphingomyelin and cerebrosides are important sphingosin con- 
taining lipids. Sphingomyelin contains a long chain fatty acid 
substituted on the amino group and choline phosphate on the hydroxy! 
group at the end of the chain. The cerebrosides are like sphingomyelin 
except the phosphoryl] choline moiety is replaced by galactose. All of 
these differing lipids are characterized by markedly elongated mole- 
cules having hydrophilic (polar) and hydrophobic (non-polar carbon 
chain) moieties at their two ends. This polar—-non-polar asymmetry 
is thought to be responsible for their aggregation in aqueous media 
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into fluid crystalline bimolecular leaflets of the type indicated in 
Fig. 67. 

It is less easy to deal with the solid non-lipid components of myelin, 
and they are not nearly so well identified and characterised. Ewald 
and Kuhne (1876) (see Wynn, 1900) found that nerve tissue extracted 
with lipid solvents and subsequently treated with gastric juice and 
pancreatic juice followed by extraction with water, dilute acid and 
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Fig. 67. (a) Five bimolecular leaflets of lipid are shown with the 

polar ends of the molecules represented as circles and the non-polar 

carbon chains as bars. (b) shows one type of density distribution 

after fixation which this structure might display in electron micro- 

graphs and (c) shows another. The former would result if the polar 

group densities exceeded the non-polar and the latter if the reverse 
were true. 


dilute alkali was reduced to a protein residue resembling the keratins 
in chemical composition. They called this material ‘“neurokeratin”’ 
(see Nageotte, 1909). They examined histological sections of peri- 
pheral nerve fibres and white matter after the above treatment and 
believed they were able to identify ‘“neurokeratin” as a reticular 
protein network in the regions originally occupied by nerve myelin 
sheaths. A similar network has subsequently been identified in histo- 
logical preparations after lipid extraction without the other procedures 
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(Block, 1951) and is commonly referred to as the neurokeratin network. 
Block (1951, 1937, 1932) has studied several neurokeratins and con- 
cluded that the amino-acid compositions of the various samples, 
though not constant, justify its segregation from other proteins such 
as collagen, but do not justify their being classed as true keratins. 
Lebaron and Folch (1956) have obtained a trypsin resistant protein 
fraction from brain containing combined inositol from which they 
believe neurokeratin is derived by degradation. No electron micro- 
scope studies of neurokeratin networks have yet been made, and this 
might be a profitable venture particularly if the less drastic procedures 
of Lebaron and Folch are used. 

Members of the collagen class of proteins can also be isolated from 
brain tissue, and these probably are accounted for by vascular 
elements (Block, 1937). 


2. Lipo-protein Structure 


Myelin evidently contains lipoproteins. Most of our knowledge of 
lipoproteins is derived from studies of blood plasma fractions (Gurd, 
Oncley, Edsall and Cohn, 1949; Oncley, Gurd and Melin, 1950; 
Gofman et al., 1953) but one kind of lipoprotein has been isolated from 
nerve tissue. Folch and Lees (1951) using new, less drastic fractiona- 
tion procedures than those used in the past have succeeded in extract- 
ing from brain a lipoprotein of high molecular weight, apparently not 
greatly degraded. It seems that in this substance a non-polar lipid 
surface is exposed because it is soluble in 2 : 1 chloroform-methanol. 
Because of this unusual solubility this constituent is referred to by the 
special term “‘proteolipid’’. Proteolipids are not soluble in water or 
salt solutions and make up about 2-2-5 per cent of the wet weight of 
white matter. They are present in cardiac muscle, kidney, liver, lung 
and skeletal muscle. Three different fractions have been obtained 
two of which contain half lipid and half protein. The lipids are about 
half phosphatides and half cerebrosides. About half the phosphatides 
are sphingomyelin. The protein and lipid moieties may be easily 
separated by drying. As already mentioned, Folch and his co-workers 
believe that the proteolipids are present in central nerve myelin. It is 
interesting, however, that proteolipids have not been identified in 
significant amounts in peripheral nerve (Finean, Hawthorne and 
Patterson, 1957). 

The above compounds depend on close associations of lipid and 
protein. Unfortunately there seems but little agreement on the 
chemical linkages involved. Various types of bonds could be present 
(see Chargaff, 1944; Dervichian, 1949); Waugh, 1954; Bernal, 1958) 
but there seems to be agreement only on the idea that Van der Waals 
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forces are important in holding the lipid molecules in side-to-side 
aggregation and that covalent bonds are not involved in holding the 
lipids and proteins together. This important subject obviously 
should be explored further. 

Studies of monolayers spread on an aqueous surface are interesting 
and important in relation to cell membrane structure, since they 
suggest ways in which molecular interactions between various kinds 
of molecules present in cell membranes may be studied. The results 
of only one such investigation may serve as an example. 

Schulman and his collaborators (Schulman and Rideal, 1937a, b; 
Doty and Schulman, 1949; Matalon and Schulman, 1949) have shown 
that lipids and proteins interact in monolayers under certain conditions. 
They studied extensively the penetration of lipid monolayers on a 
water surface by proteins injected into the underlying solution. 
Their results suggest the formation of complexes at certain pHs 
involving the penetration of the polar lipid surfaces by non-polar 
protein side chains. The film is then presumably stabilized by 
van der Waals interactions between the non-polar lipid chains and 
the penetrating side chains. This penetration may be accompanied 
by a great increase of the area of the compressed film. Matalon and 
Schulman found such an increase in area of a cardiolipid film pene- 
trated by haemoglobin and considered in this case that the non-polar 
side chains penetrated so far between the lipid molecules as to bring 
the lipid polar groups into close relation with the protein backbone 
chains where a polar—polar interaction could occur. A mechanism 
such as this might operate in cell membranes and further studies of 
this kind are needed (see Eley and Hedge, 1956). 

The evidence concerning the stabilization of the constituent 
molecules of cell membranes is incomplete and even if we knew with 
certainty the exact proportions of the particular constituents present 
it would still be difficult to formulate an exact idea of the principles 
of molecular organization involved. Apart from further quantitative 
analysis of the constituents present and their interactions and further 
X-ray diffraction studies of myelin and retinal photoreceptors it seems 
that the most fruitful pathway for future research may very well lie 
with further biophysical studies of simple and mixed monolayers of 
lipids and proteins. 

The major part of this article has dealt with observations made on 
thin sections of tissues embedded in a plastic (Araldite) (Glauert, 
Rogers and Glauert, 1956; Glauert and Glauert, 1958), after chemical 
fixation, and inferences were made about molecular structure. It is 
important to know to what extent it is practicable to visualize 
molecular structure by electron microscopy in this type of specimen. 
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Both instrumental and specimen preparation problems present 
formidable barriers, and an examination of such matters may be 
helpful in evaluating the morphological findings presented above. 


3. Problems of Chemical Fixation and Specimen Preparation 


3.1, General. A specimen can only be studied profitably by electron 
microscopy if it meets the following essential requirements. It must 
be able to resist a vacuum of the order of 10-*-10-> mm Hg. It must 
be thin enough to be penetrated by an electron beam without the 
introduction of excessive aberrations. Resolution is seriously impaired 
if the specimen exceeds the order of 0-1 ~ in thickness. Hence very 
thin sections of tissues are required. A considerable amount of energy 
is dissipated as heat from the electron beam even in the thinnest 
specimen. This may raise the specimen temperature to ~100 °C 
or more (Hall, 1953). It seems improbable then that direct observation 
of the molecular structure of cells and tissues in anything approaching 
the native state can be made now. Indirect methods such as wet or 
dry replication have not yet been sufficiently explored and the most 
successful techniques employed so far have involved chemical fixation 
and staining. By this means tissues can be converted into a structure 
which can withstand the subsequent procedures. The plastic embed- 
ding material should have sufficient stability to hold the delicate 
tissue structures in place and prevent gross disarrangement by the 
electron beam. Even when these aims have been well fulfilled one is 
only too well aware that the structures observed are merely derivatives 
of the original native cellular constituents. One of the most important 
problems with which the electron microscopist must deal is the assess- 
ment of the extent to which this derived structure resembles the 
original one. The reader may already have reached the conclusion that 
a determination of molecular structure by this means is hopeless. 
In the crystallographic sense this may well be true. Nevertheless, 
one of the most exciting aspects of electron microscopy is the fact that 
a surprising degree of correlation has been possible between patterns 
of molecular structure hitherto deduced mainly by indirect techniques 
and direct observation by electron microscopy. Such correlations 
were immediately made with highly organized and compact molecular 
structures like collagen (Bear, 1952; Schmitt, Gross and Highberger, 
1955; Hodge and Schmitt, 1958), muscle (Hodge, Huxley and Spiro, 
1954; Hanson and Huxley 1955; Huxley, 1957), and nerve myelin 
(Fernandez-Moran, 1950; Sjostrand, 1953; Fernandez-Moran, 1954). 

The chemical fixation techniques most successfully employed in 
electron microscopy have utilized OsO, (Palade, 1952) and KMnO, 
(Luft, 1956) as primary reactive agents. These are employed in buffer 
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solutions to which salts have been added to make the final solutions 
approximate to the total molarity of physiological Ringer solutions. 
Michaelis’s (1931) veronal acetate buffer is most widely employed to 
adjust the pH to the order of 7-7-5 since Palade (1952) has shown that 
more acid or alkaline pH values cause deterioration in the tissues. 
Beyond this very little can be said because so few quantitative studies 
on varying the methods of fixation have yet been made. 

Phosphotungstie acid (PTA) is used widely as a “‘stain’’ after 
initial fixation of tissues with OsO,. This material, containing a 
heavy metal, deposits in the tissue in a regular manner on certain 
structures and greatly increases the electron scattering power of the 
sites of deposition. Sometimes these sites correspond exactly to the 
sites at which high scattering power is observed after OsO, and KMnO, 
fixation. In such instances its use is certainly helpful. In other cases 
new scattering sites appear and their interpretation is sometimes 
difficult. Initial fixation with PTA itself has been employed occasion- 
ally and here the interpretative problem is perhaps less complex but 
the fixation is of poorer quality. Recently other “‘stains’’ have been 
employed successfully (Watson, 1958). 

3.2. Chemical mechanism of fixation. The chemical mechanism of 
action of fixing and staining agents is shrouded in obscurity. Perhaps 
the only pertinent statement that can be made is that the reactions 
are not simple. For instance, a fairly great amount of chemical 
information is available about the reactions of formaldehyde with 
tissue constituents (French and Edsall, 1943). Despite the fact that 
this agent, so widely used for the fixation of tissues for light micro- 
scopy, is seldom employed in electron microscopy, one general sug- 
gestion about fixation can be made from its reactions. Formaldehyde 
is capable of reacting with a wide variety of compounds found in cells 
and tissues in a number of different ways. Thus French and Edsall 
list nine different types of reaction which may occur between formal- 
dehyde and such a relatively simple compound as glycine. Two of 
these are cross-linking reactions. A similar situation is met with in its 
reactions with many other constituents of tissues. This is one key 
to understanding how fixation may be brought about. Probably 
there should be a lack of specificity of reaction and some of the 
reactions should involve cross-linking of molecules. Despite its 
wide range of reactions formaldehyde does not seem to give good 
fixation of tissue lipids, and a structure like nerve myelin is not well 
preserved by it. 

The reactions of various tanning agents with collagen are pertinent 
here since clearly a kind of fixation is involved. Pankhurst (1958) has 
studied the reactions of various tanning agents with collagen in 
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monolayers on an aqueous surface. Changes in surface viscosity have 
been followed under different conditions with a variety of vegetable 
tanning agents and the conclusion reached that in some cases primary 
crosslinking reactions involving hydrogen bonding between the 
tanning agents and the protein backbone chains were important 
and that electrovalent forces played only a subsidiary réle. Similar 
experiments performed with some of the fixing agents used in electron 
microscopy interacting with protein, lipid and lipoprotein monolayers 
might be very illuminating. 

The chemistry of OsO, is complex and much less well known than 
that of formaldehyde. Porter and Kallman (1953) have shown that it 
reacts with proteins and Bahr (1954) has found that it reacts with a 
very wide variety of simple compounds present in cells and tissues. 
OsO, was once thought of by cytologists as a “fat stain’ (Wiggles- 
worth, 1957) and it was believed that its principal action depended on 
oxidation of double bonds in the aliphatic chains of tissue lipids 
(Paseal, 1958). There is no doubt that such reactions occur and that 
they are important in fixation, but this restricted concept of OsO, 
reactivity led to some serious misinterpretations of OsQ, fixation in 
electron microscopy. There was at first a tendency to equate sites 
of high electron scattering power to double bond sites. There is 
abundant evidence now to show that the reactivity of OsO, with many 
of the groups of amino acids in proteins is as great as with lipid 
double bonds. Further, such important polar phospholipid moieties 
as choline, ethanolamine and serine were found by Bahr (1954) to be 
reactive. Thus densities in tissue sections should not be simply 
regarded as sites of double bond concentration. In fact even if the 
observed densities in tissue sections do represent primarily deposited 
metal from the fixative (a point which is not established (Ornstein, 
1957)) there is no assurance that reaction at some specific molecular 
group is followed by deposition of metal at the precise reactive site. 
The metallic oxide might be changed to a new oxidative state and 
migrate as say OsO,, OsO,, or even metallic osmium to another site 
where another oxidative reaction may occur or the fixative may enter 
into complex formation with the metal acting as a chelating agent. 

Concerning the densities observed in sections of tissue after chemical 
fixation it is interesting that KMnO, fixed tissues without treatment 
with PTA or other “‘stains’”’ display densities in some structures which 
are at least as great as those seen in the same structures after OsO, 
fixation even after staining with PTA. This cannot be entirely 
accounted for by the reduced cytoplasmic background scattering 
apparent in KMn0O, fixed tissue since the effect is quite definite in 
myelin. The major dense lines seen in myelin apparently have at least 
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as much, or more, electron scattering power after KMn0O, fixation as 
they do after OsO, fixation. If the scattering is due primarily to 
deposited metal this is a surprising result since the electron scattering 
power of an element is roughly proportionate to the square of its 
atomic number (Bahr, 1954). The atomic number of manganese (25) 
is much less than that of osmium (76). This discrepancy is one reason 
for believing that the densities in electron micrographs of tissue 
sections are not simply due to deposited metal. There is no doubt 
that this factor adds to contrast but it is surely not the only factor 
involved. 

The recent work of Low and Crook (1959) emphasizes another 
aspect of OsO, fixation which may be of great importance. It has been 
evident from early electron microscope studies of tissues fixed in OsO, 
that some constituents were removed by prolonged fixation. It was 
found (Porter and Kallman, 1953), for example, that the cytoplasmic 
background of tissue culture cells became more transparent to 
electrons after prolonged OsO, fixation (several hours). Nerve myelin 
was observed to be disorganized and reduced to irregular trabecule 
after 24 hr fixation by OsO, while after only a few minutes fixation a 
more homogeneous and well-organized structure appeared (Robertson, 
1952). It seemed evident from such observations that the fixative 
might be breaking compounds down to smaller oxidative products if 
allowed to act for too long. Low and Crook (1959) have shown that 
OsO, releases ammonia from glycine when the reaction is allowed to 
proceed at pH 9-12. While these are pHs not used in the fixation of 
tissues similar degradative reactions with other compounds may well 
occur at lower pH values. 

Edelhoch and Robertson (1955) studied the reactions of OsO, with 
a number of amino acids. Changes in optical density at 500 mu with 
time were used as measures of reaction. The following compounds 
were shown to react: glutamic acid, aspartic acid, lycine, arginine, 
histidine, cystine, cysteine, methionine, tryptophane and dihydroxy- 
proline. A marked dependence on pH was noted. Another interesting 
phenomenon was a time lag observed before changes in optical density 
began. Some compounds only began to react after a lag of many 
minutes while others reacted immediately. 

One very interesting phenomenon which may be related to fixation 
was observed by ultracentrifugation (Edelhoch and Robertson, 1955). 
Crystalline albumen after treatment with OsO, showed a second more 
rapidly moving peak in the ultracentrifuge suggesting some poly- 
merization phenomenon. It is known that mercury which is a widely 
used fixative in light microscopy can cross-link two protein molecules 
together to make a dimer (Edelhoch, 1953). Certainly some analogous 
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phenomenon occurs in OsQ, fixation of both proteins and lipids 
(Pascal, 1958). 

KMn0Q, is a widely used oxidizing agent familiar to every chemist 
but the way in which it may act as a chemical fixative is far from 
understood. Its reactions with tissue components have not yet been 
studied from the viewpoint of fixation even to the limited extent of 
OsO, reactions. 

All of this indicates that very little precise knowledge about the 
mechanism of chemical fixation is at hand. This does not imply, 
however, that only meaningless information can be derived from 
studies of thin sections of tissues after chemical fixation. It implies 
merely that caution must be used in interpreting them. 


3.3. Lipid and Protein Model Systems 
Marked variations in density occur in electron micrographs between 
layers as in myelin or spots as in muscle and the spacing of the alter- 
nating densities are sometimes smaller than the dimensions of 
molecules which might be present. Different general classes of com- 
pounds as, say, proteins and phospholipids have different distributions 
of atoms within them which might in aggregations lead to differences in 
scattering power between the classes of compounds or even within 
oriented molecular layers of one compound. For instance, the phos- 
phate groups and nitrogen of lecithin might in aggregates give the 
polar ends of lecithin molecules slightly more scattering power than 
the non-polar carbon chains. If a metallic fixing agent is used metal 
atoms might either add to this difference or counterbalance or cancel 
it depending on which part of the molecule in question has the greatest 
affinity for the metal atoms. One approach to an understanding of the 
meaning of variations in density in electron micrographs is to study 
model systems of lipids and proteins or other tissue constituents by 
making oriented aggregates of the particular constituents in question 
and then treating them in the same way that a tissue is treated. Such 
aggregates can be fixed embedded, sectioned and studied by electron 
microscopy. A beginning has now been made on this approach and 
already some tentative conclusions can be drawn from them. 

The first observation of this sort in sections of lipid materials was 
recorded by Geren and Schmitt in 1953 though no micrographs were 
published. They showed that an acetal phospholipid which gave a 
layer spacing ~40 A by X-ray diffraction could be fixed with OsO, 
embedded in methacrylate and sectioned so as to display alternate 
light and dense layers repeating at a period of ~40 A. Mercer (1958) 
has prepared fairly thin films of protein and of lipid spread on the 
surface of a water trough. He has fixed these with OsO, and embedded 
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and sectioned the resulting sheets of material. He found in both cases 
rather thick (~50-100 A) dense layers representing respectively the 
reaction product of the protein with OsO, and the lipid with OsQ,. 
In each case the densities of the transected sheets observed were 
about the same in electron micrographs. These observations alone 
are sufficient to dispose of any attempt to equate density in electron 
micrographs with the presence of either protein or lipid or a com- 
bination thereof. Similar observations with carbohydrates have not 
yet been made but it is believed that glycogen in cells is fixed by OsO, 
and appears as dense granules (Fawcett and Selby, 1958). It would 
not be surprising to find that this relatively neglected tissue com- 
ponent also reacts in many of its other various forms with OsO, and 
KMn0O, with the production of regions of fairly high electron scattering 
power (see Robertson, 19585). 

The author has recently made some studies which are pertinent 
here. An alcohol-ether extract of mixed central and peripheral nerve 
tissue was made and two crude lipid fractions obtained. One of these, 
a flocculent white crystalline precipitate appearing in the solvent, was 
seen in polarized light to contain strongly birefringent crystals 
(negative with respect to their long axes) occurring primarily as long 
thin rectangular plates reminiscent of strandin (Folch, Arsove and 
Meath, 1951). A light brownish waxy amorphous material was 
obtained from the decanted solvent. Figure 68 is a light micrograph 
of a crystal of the white fraction in polarized light. Samples of this 
material were fixed with KMnO, and OsQ,. In each case the sign of 
the birefringence of the crystals immediately reversed. The material 
was embedded in araldite for sectioning. Figure 69 is an electron 
micrograph of a section of the white crystals after fixation with KMnQO,. 
Irregularly disposed parallel sheets of dense material thickened 
laterally in irregularly distributed plaque-like areas are seen. At higher 
magnification these display a regular layered structure formed by 
dense lines less than 20 A across repeating radially at a spacing of 
about 40 A (Fig. 70). The plaques taper down to a limiting structure 
consisting of a single pair of dense lines each <20 A wide making a 
unit resembling somewhat the unit membrane structure seen at the 
surfaces of cells but measuring only about 50 A across (Fig. 71). 
Similar results were obtained after OsO, fixation (Fig. 72). 

The waxy fraction developed distinct myelin forms in water 
(Fig. 73). Upon replacing the water about the myelin forms with 
potassium permanganate fixative the motion of the forms ceased 
immediately but the sign of the birefringence remained the same. 
Upon immersing the material in OsO, fixative a similar cessation of 
motion was apparent but there was also an immediate reversal of the 
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Fig. 68. Flat plate-like crystals of lipid extracted from cat nerve 
viewed in polarized light with a Kohler compensator arranged to 
display their negative birefringence with respect to their long axes. 
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Fig. 69. Electron micrograph of a section of nerve lipid fixed with 
KMnQO, and embedded in araldite. 9.000, 


Fig. 70. Higher power micrograph of an area in a section like that 
of Fig. 69. Note the dense layers repeating at a period of about 
40 A,» 180,000. 
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Fig. 71. A structure observed in a permanganate fixed nerve lipid 

extract showing a plaque-like region like that in Fig. 67 tapering 

down to a single unit consisting of a pair of dense lines (arrows) 
together measuring about 50 A across. 160,000. 


Fig. 72. Preparation similar to Fig. 67 but fixed in OsO,. Again a 


40 A repeat period is seen in the lipid structure. 
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Fig. 73. A myelin form which grew out of the waxy residue of an 
alcohol-ether extract of cat nerve. It is viewed in polarized light 
with a Kohler compensator arranged to display the negative 
birefringence of the form with respect to its long axis. Note the 
change in sign of the birefringence at each end of the form. 


Fig. 74. Section of the waxy fraction of nerve lipid fixed in potas- 
sium permanganate. Note the layers of dense lines about 20 A across 


repeating at a period of about 40 A. The layers run in various 
directions. 160,000. 
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Fig. 75. Portion of a section of egg cephalin fixed with OsO, 


embedded in araldite and sectioned. The dense layers ~20 A thick 
repeat at a period of about 40 A. 550,000. 
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sign of birefringence. Samples were embedded for sectioning for 
electron microscopy. In each case layered structures repeating at a 
period of the order of 40 A were observed, but the periodic structure 
was much more frequently found and more clearly seen in the KMnO, 
fixed material (Fig. 74). 

A purified fraction of egg kephalin* was fixed with OsO, and KMnO, 
embedded and sectioned. Figure 75 shows its layered structure 
repeating at a period of ~40 A after OsO, fixation. The KMn0O, 
fixed material did not show such regular layers. 

Mixed crude extracts of nerve lipids like those dealt with above were 
shown by Schmitt, Bear and Palmer (1941) to give an X-ray spacing 
of ~65 A and the ~40 A spacing observed in the sections presented is 
reasonably compatible with this finding if a certain amount of shrink- 
age in preparation is allowed. 

While the above studies were in progress Ito and Revel (1958) 
reported preliminary findings on studies of myelin forms produced 
from a phospholipid fraction from egg yolk. They fixed these forms 
with OsO, and observed in some cases unit layers which consisted of 
single dense lines measuring somewhat under 100 A in thickness. 
After further study Ito and Fawcett (1958) found that the previously 
observed single dense lines were in fact paired lines making a unit less 
than 100 A thick. Each dense line made up about one third of the 
thickness of the unit and there was a zone of lesser density between the 
bounding layers. 

The important observations of Stoeckenius (1958, 1959) are of great 
interest. He has extracted a mixed lipid component from human 
brain containing 45 per cent lecithin, 35 per cent cephalin and 15 per 
cent other lipids, and considered to be be free of protein. He has 
fixed it with OsO, and demonstrated regular layered structures 
repeating at a period of about 40 A. The repeating unit is a dense 
line measuring slightly less than 20 A and a light line measuring 
slightly over 20 A in thickness. After blockage of double bonds 
fixation was inadequate. Therefore, Stoeckenius attributes fixa- 
tion of this structure to reactions of OsO, with the double bonds 
in the non-polar chains of the phospholipids and believes the ~20A 
dense lines to represent such reactive sites. He has deposited a protein 
extracted from haemoglobin (globin) on the surfaces of these aggregated 
lipids before fixation and detected the protein after fixation as an 
amorphous layer of varying thickness but of quite different appear- 
ance from the lipid densities (Fig. 76). The very thin protein layers 
deposited on a group of regular lipid lamellae merge with the dense 


* Supplied by Dr. M. McFarlane. 
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line ~20 A thick bounding the lipid aggregates but can be distin- 
guished from it by a difference in density. Stoeckenius has also found 
a structure in the preparations treated with protein consisting of a 
single pair of dense lines separated by a light zone making a unit 
about 100 A across Fig. 77(d). In this case each dense line makes up 
more than 1/3 the total thickness. He considers this unit to consist 
of a single lipid repeating unit with protein deposited on either 
surface though it was not possible to distinguish the protein from the 
lipid in the micrographs in this particular case. In addition Stoeckenius 
has fixed a preparation of potassium linolenate and demonstrated 
again dense layers repeating at a period of ~40 A. He again attributes 
the fixation of this micellar soap structure to the interaction of OsO, 
with double bonds within the linolenate radical. 

There is at least one important point which can be made from all 
these findings on lipid model systems provided optical artifacts due 
to focusing of the electron microscope are considered eliminated. 
The dimensions of the dense and light layers observed in the micro- 
graphs clearly indicate that some types of lipid molecules are asym- 
metric with respect to their interactions with OsO, and KMnQ,. 
That is to say one part of the lipid molecule manifests itself as a 
density in a micrograph exceeding that manifested by the rest of the 
molecule. This indicates, in agreement with other findings, that the 
molecules are regularly arranged so that like parts are lined up parallel! 
to one another in agreement with the conception that phospholipid 
molecules tend to aggregate in bimolecular leaflets with the polar and 
non-polar ends of the molecules aligned. Such a structure was 
illustrated above in Fig. 67. The dimensions of the molecules are 
such that only half of each molecule could contribute to the density 
observed in the electron micrographs of the fixed micelles. The ~20 A 
dense lines in the micrographs could originate as indicated in Fig. 67(b) 
by densities produced along the combined hydrophilic groups of the 
lipids or along the combined hydrophobic chains (Fig. 67(c)). Any 
other position of the dense layers with respect to the molecular 
aggregates would necessitate the assumption that every other 
lipid layer reacts entirely differently, which appears very 
improbable. 

If the molecules were not arranged in such a regular array it is 
unlikely that such a regular system of dense lines would be seen 
corresponding so exactly to the molecular dimensions. Of course, it 
could be that the dense lines result from some relatively non-specific 
effect such as that responsible for Liesegang’s lines whereby silver 
aggregates in regular linear arrays in nerve axons or in gels (Hess 
and Young, 1952). However, if this were the case one would not 
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expect such close correspondence with the dimensions of the molecular 
layers. Even though such an artifact cannot be entirely eliminated 
the coincidence with the dimensions of the underlying molecular 
arrays clearly indicates participation of the lipid molecules in the 
effect and the pattern obtained is none the less valuable as a represen- 
tative of the underlying molecular structure. 

Stoeckenius’ experiment in which protein was deposited on the 
surface of lipid micelles might have been expected to yield a conclusive 
answer as to which ends of the lipid molecules were responsible for the 
densities observed in the micrographs. In Fig. 76(a) the densities 
attributed to the lipid molecules in Stoeckenius’ micrographs (heavy 
stipple) are shown in diagrammatic form with a superimposed protein 
density (light stipple) indicated. If the dense lines within the lipid 
micelles were due to the polar ends of the lipid molecules as indicated 
in Fig. 67(b), one might expect to see the outermost dense line merging 
without an intervening light layer with the density due to the depos- 
ited protein. If, on the other hand, the densities were due to the non- 
polar ends of the molecules as in Fig. 67(c) one might expect to see 
a thinner but resolvable light line between the outermost lipid density 
and the deposited protein density as in Fig. 76(c). The resolution 
in Stoeckenius’ micrographs is sufficiently high so that one would 
expect such a light zone to have been resolved had it been present. 
His micrographs appear as in Fig. 76(a). Thus his findings could be 
interpreted as supporting the conception that the dense lines are 
representative of the polar surfaces of the bimolecular leaflets. 
Stoeckenius believes, however, that the densities are due to the non- 
polar ends of the lipid molecules since he found that double bonds 
seem to be necessary for fixation. He interprets his findings therefore 
as in Fig. 76(d—e) assuming that the outermost light line is obscured 
by the deposited protein because of a curling of the non-polar chains 
of the outermost monolayer of lipid molecules towards the protein 
layer. He believes that this occurs as a result of partial penetration of 
the lipid layer by non-polar side chains from the protein as in the 
adjacent molecular diagram. Matalon and Schulman (1949) found 
an interaction such as this in studying the effects of a protein 
introduced in the water beneath lipid monolayers though their 
findings do not necessarily support such an extreme reorientation of 
the lipid non-polar chains. In fact there seems to be no conclusive 
evidence for this extent of reorientation. 

It is not by any means certain that Stoeckenius’ interpretations are 
correct. It is obviously of very great interest to decide about this 
fundamental matter but the most important point which arises 
unequivocally from all these studies of model systems of lipids is the 
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fact that lipid molecules seem to manifest themselves after fixation 
more toward one end of the molecule than the other. One would expect 
to find a limiting structure in aqueous suspensions of phospholipids 
consisting of a single bimolecular leaflet such as that indicated in 


() (b) (c) 


Fig. 76. Diagrams to illustrate Stoeckenius’ findings and _ his 
interpretation of them in molecular terms. (a) shows the appear- 
ance of his micrographs of lipid micelles with a thin layer of pro- 
tein (light stipple) deposited on them, (b) shows a possible mole- 
cular interpretation of his findings. (c) shows the distribution 
of densities which might be expected if the non-polar ends of the 
lipid molecules were responsible for the heavy lines. (d) shows 
Stoeckenius’ interpretation of the underlying molecular structure 
in his micrographs leading to the appearance in (e) in which the 
densities are attributed to non-polar lipid groups rather than 
polar groups as in (a). 


Fig. 77a. If Stoeckenius’ interpretation is correct then one would 
expect to see this bimolecular leaflet represented in electron micro- 
graphs by a single dense line about 20 A across as indicated in (b). 
If the alternative interpretation is correct and the densities seen 
represent the positions of the polar ends of the lipid molecules in the 
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native structure, then one would expect to see a pair of dense lines as 
indicated in (c). The findings of Ito and Fawcett (1958) and those 
presented here (Fig. 71) (Robertson, 1958a, 1959d) have resulted in 
the demonstration of limiting structures consisting of pairs of dense 
lines of about the appropriate dimensions to be expected of a 
single bimolecular leaflet of lipid as in (c). The similar unit structure 
seen by Stoeckenius in his globin treated phospholipid preparation is 
like this structure but each dense layer is thickened as indicated in 


(b) (c) (d) (e) (f) 


Fig. 77. A single bimolecular leaflet of lipids is shown in (a) 
(see text). 
© polar ends of the lipid molecules 
— non-polar ends of the lipid molecules 
OQ water molecules. 


Fig. 77(d). The molecular model in (a) could be modified by the 
addition of protein monolayers as in (e) to account for the appearance 
of Stoeckenius’ unit structure. However, he interprets it on the basis 
of the molecular model in (f) which allows the retention of the idea 
that the positions of the aligned non-polar lipid chains are represented 
by more dense layers than those of the polar ends of the molecules. 
Either of these alternative interpretations could be correct as far as 
the evidence from model studies goes. Furthermore, the assumption 
that Fresnel fringe focusing artifacts have been eliminated from all 
the micrographs concerned may not be correct. Slight differences in 
focus could well account for some of the differences in measurements 
and for some of the density distributions (see Robertson, 1958)) 
Disregarding these sources of possible error perhaps the most impor- 
tant fact which emerges is that the kind of limiting structure postulated 
in Fig. 77(c) is seen in micrographs while that postulated in (b) is not. 

It is striking that the unit membrane structure measuring ~100 A 
across seen by Stoeckenius (1958) in his model globin—phospholipid 
system resembles the Schwann cell membrane so closely in appearance 
and dimensions. If his interpretation of the meaning of the light and 
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dense strata seen should prove correct then the possibility arises of 
making a similar interpretation of the light and dense strata in the 
Schwann cell unit membrane. If this were done, however, it will be 
perceived that the Schwann cell unit membrane would have four 
instead of two bimolecular lipid leaflets and its centre would be 
hydrophilic. Furthermore, it would be necessary to reinterpret the 
pattern seen in myelin in terms of four instead of two bimolecular 
leaflets of lipid per repeating unit. As far as the electron microscope 
findings go this would be possible but it seems improbable that the 
X-ray data on myelin could be reinterpreted to accommodate twice 
as many lipid layers. Furthermore, it seems probable that a unit 
membrane having a hydrophilic core would split apart when nerve 
fibres are soaked in distilled water. This is not the case as described 
above (Robertson, 1958b). These two points operate against Stoecke- 
nius’ interpretations of his model membrane structure but at the same 
time they heighten interest in future findings and the findings of others 
on model membrane structures (see Jensen, 1959). 

It will be clear that the interpretation of electron micrographs of 
model lipid and protein systems in molecular terms still presents 
severe problems not yet solved. Nevertheless, this matter is of very 
great importance in interpreting electron micrographs of nerve myelin 
and it is, therefore, necessary to decide which of the two different points 
of view presented is correct, or whether some other interpretation is 
necessary. Both views may well be over-simplifications. There is not 
sufficient evidence at present to reach a conclusion but it is to be 
expected that further studies of model systems will settle this matter 
very soon. 


V. ConcLUSION 


An attempt has been made in this paper to state the factual evidence 
which is now available from polarization optical, electron microscope, 
X-ray diffraction and chemical studies of nerve fibres and other tissues 
which has allowed a general theory of molecular structure of cell 
membranes and membraneous cell organelles to be put forward. 
This theory proposes a model of cell membrane structure (Fig. 66) 
which resembles very closely the Danielli-Davson model (Fig. 2) 
arrived at by independent methods. It is, however, the result of a 
different line of investigation and does not depend on this older con- 
ception for its validity. Of course, both theories have common ante- 
cedents in Overton’s and Langmuir’s work. Both models are still quite 
primitive and neither theory as yet provides any precise details about 
the arrangement of molecules within the layers. Indeed, some 
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evidence now exists for believing that the cell membrane is not asym- 
metrical structure even as regards the general class of chemical 
components present in its three strata. Thus the lipid core may be 
bounded on one side by a protein monolayer and on the other by a 
monolayer of something else (perhaps carbohydrate (Davies, Haydon 
and Rideal, 1956). Even this may apply only to some membranes while 
others may be symmetrical. Future studies may also reveal the lipid 
core to be of varied composition. What is believed to be reasonably well 
established now is the presence of three distinct molecular strata, 
the relegation of lipid to the central stratum and the presence of more 
or less completely spread non-lipid monolayers in the two surface 
strata. There may or may not be some unique steric molecular 
organization within this framework but it seems obvious that any 
such pattern of molecular organization must allow for sufficient 
variation in its constituent parts to give sufficient specificity to 
account for the widely divergent functions attributable to cell mem- 
branes. 
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